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Introduction 

This project investigated the use of a novel approach to scintimammography (SMM) 

known as emission tuned aperture computed tomography (ETACT). EXACT is based on the 

more general tuned aperture computed tomography (TACT®) method used in radiography. 

TACT has been successfully applied in dentistry and conventional mammography. In ETACT, 

fiducial markers are placed around the object being imaged. A series of projection images are 

acquired using a standard gamma camera with a pinhole (or other) coUimator from any angle and 

at any distance, as long as all of the markers are within the field of view of all projections. The 

data are then reconstructed into a series of tomographic slices which can easily be done on a PC. 

Thus ETACT requires no expensive, dedicated hardware. The beauty of this approach is that, if 

successfiil, this method could be applied in practically every hospital in the US, almost 

immediately. The main hypottiesis of this project is diat the application of ETACT will 

significantly incre^e the diagnostic and prognostic accuracy of SMM, particularly for small, 

nonpalpable lesions, and that this iimovative method can be applied in the clinic in a simple, 

flexible and practical manner. The specific aims ofthis research are as follows: 

1. to develop and utilize a computer simulation model of ETACT to determine the 

optimal parameters for its application and to compare it to conventional SMM, 

2. to utilize phantom data to fiirther compare ETACT to conventional SMM, both planar 

and SPECT, and 

3. to design a clinical ETACT prototype system that will then be used in a subsequent 

preliminary clinical investigation. 

In this report, we will present the results of our simulation and phantom experiments, the 

development of an approach to merge orthogonal ETACT data sets, and the investigation of the 

use of optical rather than radioactive fiducial markers. We will then discuss our development of 

a protocol for the clinical implementation of ETACT as well as fiiture direction for this 

research. 



Body of the Report 

I.   EXACT 

In EXACT, one or more fiducial markers are placed about the patient's breast. A series of 

projection images are acquired with a pinhole-coUimated, gamma camera. We use pinhole 

coUimation for three reasons. First, pinhole coUimators are routinely available for most portable, 

gamma cameras, making this method a straightforward approach that can be applied in 

practically any hospital. Secondly, we can take advantage of the high resolution ^sociated with 

pinhole coUimation. For a typical pinhole coUimator of length 30 cm and pinhole diameter of 4 

mm as well as an intrinsic spatial resolution of the detector of 3.5 mm, the system spatial 

resolution is approxunately 5 mm compared to that of planar and SPECT imaging with a high 

resolution coUimator of approximately 7 mm and 10 mm, respectively. Special inserts can be 

made that would reduce the pinhole diameter fiirther improving the resolution. Thirdly, tiie 

coUimator sensitivity is inversely proportional to the square of the aperture-to-object distance 

whereas the sensitivity of a paraUel-hole coUimator does not vary with coUimator-to-object 

distance, thus reducing the contribution to the image of activity in other organs such as the heart 

of the liver. 

Consider the technique known as "tomosynthesis" (Grant 1972). In Ms case, the 

detector (e.g., the gamma camera crystal) is always oriented parallel to the tomographic plane of 

interest. Several projections are acquired such that all of the aperture (pinhole) locations are 

known, coplanar and parallel to the tomographic plane of interest. A series of tomographic 

planes can be reconstructed by appropriately shifting the projection data and adding them 

together. All reconstructed planes are parallel to the detector plane. Tomosynthesis has been 

shown to be a very simple and effective manner of generating tomographic data. However, it 

places many constraints on the acquired projection data and aperture locations for all of the 

projections must be known. 

EXACT alleviates these geometric constrauits by using the projected locations of a series 

of fiducial markers to obtain knowledge concemmg each projection (Fahey 2002, Fahey 2001, 

Webber 1997). Consider the c^e where the detector is stiU coplanar and parallel to the 

tomographic plane of interest, but the actual location is not known. A fiducial marker whose 



location relative to the object is fixed is also imaged within each projection. Consider a 

reference plane whose location is the same as the aperture-to-detector distance, but whose 

location is opposite the detector (see Figure 3, Fahey 2001. NB; This reference in included in the 

Appendix). If we overlay all of the projections and simply add them, we are reconstructing the 

reference plane. If we determine the centroid of the projected locations of the marker, shift all of 

the data such that projected location of the marker coincides with the centroid and add the data 

together, we would reconstruct the plane that contains the fiducial marker and is parallel to the 

detector plane. If the projections are shifted by half that amount and added, then the plane that is 

halfway between the marker and the reference plane is reconstructed. In this manner, any 

arbitrary plane can be reconstructed. 

In the present implementation of EXACT, 5 markers are used, four of which are coplanar 

and one of which is not. The rationale for this choice is presented by Hemler et al. (Hemler 

2002. A reprint is included in the appendix). The four coplanar markers are used to transform 

all of the acquired projections such that they appear to all have been acquired with the aperture in 

a common plane. The fifth marker is then used as described above to shift and add the 

projections to reconstruct the series of tomographic shoes. It also h^ been demonstrated that 

this approach with the five fiducial markers can be used to reconstruct the data even if the 

detector in each projection is not in the same plane. In summary, if we acquire a series of 

projection images using a set of 5 fiducial markers (4 coplanar and one out of plane), we can 

reconstruct the data into a series of tomographic slices, even if the location of neither the detector 

nor the aperture is known. It is also not necessary to have the detector in the same plane or at the 

same distance in each projection. Therefore, ETACT is a simple and flexible method of 

acquiring and processing tomographic data. 

11. Development of ETACT Simulation Models 

We developed a computerized, simulation model of the acquisition of ETACT data. The 

model currently allows you to define an arbitrary 3D object with a set of markers. The activity 

associated with each component can be defined. Once the detector configuration and the object 

are defined, the detector can be moved interactively about the object and simulated projections 

can be obtained. These data can be subsequently reconstructed with the standard, ETACT 



software. The projections are then blurred and Poisson noise added that are consistent with the 

spatial resolution and sensitivity, respectively, of the aperture size chosen. We have used this 

simulation model to evaluate the effect of the aperture size, angular disparity atid the number of 

projections on contrast and contr^t-to-noise. 

In order to evaluate the effect of photon attenuation and scatter on the above simulations, 

we utilized the MCNP Monte Carlo simulation code to model EXACT. MCNP has been shown 

to provide similar results to the EGS4 code. In these simulations, the breast was modeled as a 15 

cm hemisphere and the tumor m a 7.5 mm sphere. The pinhole diameter was 6 mm. The 

acquisition geometry consisted of 25 cm pinhole-to-detector distance and a 15 cm pinhole-to- 

tumor distance, the same as in the ray-tracing simulations. In these simulations, three cases were 

considered; uncoUided gamma rays (attenuation but no scatter), total attenuated (attenuation and 

scatter) and unattenuated. These were compared to evaluate the effects of photon attenuation 

and scatter. We have also modified an existing anthropomorphic computer phantom (the Zubal 

phantom) for the evaluation of breast imaging. 

ni. Evaluation of Aperture Size, Angular Disparity and Number of Projections through 

Simulation 

We modeled the breast as a hemisphere with 15 cm diameter. The tumor was modeled as 

a sphere in the center of the breast. We considered 3 tumor sizes (5,7.5 and 10 mm) and 2 

target-to-nontarget (T/NT) ratios (5:1 and 10:1). Five markers (4 coplanar and one out-of-plane) 

were placed lateral to the breast. The detector was modeled as a gamma camera with a 50x50 

cm filed-of-view. The aperture-to-detector distance was 25 cm.   The aperture-to-object 

distance of approximately 15 cm was chosen such that the object, including the markers, took up 

the majority of the field of view. Using our projection simulator, we constructed 7 noiseless 

projections for each aperture size. We investigated 6 aperture diameters (1,2,3,4,5,6 mm) and 3 

angular disparities between the projections: +/-10,15 and 20 degrees. Based on the calculated 

system spatial resolution of each pinhole, the projection data were blurred with a gaussian kemel. 

B^ed on the sensitivity of each pinhole size, Poisson noise was added to each pixel. These data 

were then reconstructed using the standard TACT reconstruction software. 



To evaluate these data, the shoe through flie middle of the tumor was visually selected 

and a region of interest (ROI) was drawn about the tumor and the maximum pixel value (Max) in 

the ROI w^ determined. A similar sized and shaped ROI was placed lateral to the tumor to 

evaluate the hackground activity. The mean pixel value (BKG) and the standard deviation 

(SDBKO) in the background ROI were determined. The contrast (C) w^ calculated using the 

formula 

C = Max-BKG 
BKG 

A detectability index referred to as the contrast-to-noise ratio (CNR) was calculated by 

CNR = 

(SDBKG/BKG) 

The results of this investigation are summarized in the Tables 2 and 3 of (F^ey 2001). As the 

aperture size is reduced, the contrast improves. This is expected due to the improved resolution 

and the subsequent reduction in the partial volume ejffect. However, the sensitivity decreases 

with reduced aperture size leading to fewer photons being acquired and thus a noisier image. 

Therefore, a 3 mm aperture is optimum with respect to the CNR although not substantially better 

than the 4 mm aperture. 

The results of the angular disparity study are shown in Figures 2 and 3 as well as Table 1 

of (Fahey 2002. This reference is included in the appendix). The contrast increases slightly with 

decreeing angular disparity. However, smaller angular disparity yields poorer axial spatial 

resolution. For example, no angular disparity yields a simple planar image without any axial 

resolution. From these results, a 15 degree angular disparity is determined to be a reasonable 

choice. Increasing the nimiber of projections without increasing the total number of counts was 

shown to lead to an incre^e in contr^t. If one knew the best, single projection to acquire, it 

may have higher contrast than EXACT, but one does not know the best projection, a priori. 

Thus, ETACT typically provides higher contrast than planar imaging. With more projections, 

there will be more set-up time extending tiie length of the study. Therefore, 6 or 7 projections 

are a reasonable number for the clinical implementation of ETACT. 
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IV. Monte Carlo Simulation Results 

The results of the Monte Carlo simulation are shown in Figure 1 (see Appendix). This 

figure shows profiles of the counts throu^ the tumor and hre^t for the three cases: uncoUided, 

attenuated and no attenuation. The "no attenuation" case corresponds to the case used in the ray- 

tracing simulations. As shown in the figure, tiie three profiles are very similar except for the 

scale resulting from photon attenuation. The contr^t for these cases is very similar. This study 

validates the conclusions drawn from the ray-tracing simulations. 

V. Biorthogonal Imaging 

All methods based on tomosynthesis yield poor resolution and streak artifacts in the 

direction orthogonal to the tomographic planes. We investigated whether combining the data 

from two orthogonal TACT data sets would minimize these artifacts (Webber 2001). This study 

was performed on transmission, mammographic data. A frozen autopsy bre^t sample was 

placed in a 35 mm cardboard box. Small lead markers ("Beekly spots") were placed on the 

comers of the box. The box was radiographed from 5 angles at angular disparities of-15, -7.5,0, 

7.5 and 15 degrees. The box was then rotated 90 degrees and an analogous set of projection 

was acquired. The two data sets were reconstructed independently using tiie TACT algorithm 

and corrected for differential magnification between slices. The two 3D data sets were then 

combined via simple averaging of the pixel values. Projections through this merged data set 

were rendered either by linear averaging or by plotting the maximum value along each ray. 

The results are illustrated in Fibres 4 and 5 of (Webber 2001. KB. This article is 

included in the Appendix).  These figures show the linear and the maximum rendering, 

respectively. As can be seen, the individual image sets are well resolved in the direction normal 

to tiie reconstruction planes but resolution is substantially degraded in the orthogonal direction. 

However, the merged data set is well resolved at all angles. Although this experiment was 

performed with transmission data, the conclusions are applicable to EXACT as well. We plan to 

validate this in the next year. 



VLUse of Optical Fiducial Markers 

The results from our simulation experiments indicate that we have to image at a 

substantial distance in order to include all of the fiducial markers in each projection. Imaging at 

such a distance leads to a substantial loss in the effectiveness of the pinhole coUimator. The 

sensitivity and resolution of the pinhole coUimator both degrade with increasing object-to- 

aperture distance, hi addition, radioactive markers can be troublesome to make and can 

sometimes be mistaken for small tumois. For these re^ons, we are investigating the use of 

optical fiducial markers. This is accomplished by mounting a digital camera on the gamma 

camera and acquiring both nuclear and optical images at each projection angle. The fiducial 

markers on the optical images are then used to reconstruct the radiologic image. After a 

thorough mathematical evaluation, we have determined that the optical image can be used 

without cross-calibration to the radiologic image, as long as the digital camera and the radiologic 

camera (e.g. gamma camera) are oriented such tiiat they are both the same distance from the 

image plane and they are not rotated about the object in that plane. We have vaUdated this 

approach through phantom experiments. (Webber 2002) 

Vn. Phantom Experiment and Comparison to Planar and SPECT SMM 

We performed an experiment to compare flie performance of ETACT to planar SMM and 

SPECT, We filled the various compartments of the Data Spectrum torso and breast phantom 

with the following activity concentrations: 

Organ  Target Cone Actual Cone 
Torso (background) 0.3/iCi/mL 0.302/tCi/mL 
Liver 0.6^Ci/mL 0.591 ^Ci/mL 
Breast 0.3/iCi/mL 0.293 ^Ci/mL 
Tumor (0.8 cm) S.OpiCi/mL 2.5-2.9/iCi/mL 

We based the target concentrations on what might be expected in a clinical setting. If 20 mCi is 

injected into a 60 kg patient and it distributes uniformly, then the activity concentration would be 

about 0,3 nCi/mL. We might expect the liver to possibly have twice that concentration. We 

targeted the tumor within tiie breast to have a target-to-nontarget ratio (T/NT) of 10:1. The 
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actual concentrations are based on the ^sayed amounts that were injected into each 

compartment. Due to the small amount of activity in the tumor, we expect that there is a range 

of the possible activity concentration in the tumor. This range corresponds to a T/NT in the 

range of 8.3-10. 

For the EXACT acquisition, 6 projections were acquired over a 30 degree range using a 4 

mm pinhole coUimator. The distance between the pinhole aperture and the tumor was 

approximately 20 cm. Each image was acquired for 5 m (approximately 185 kcts per view). Six 

fiducial markera were placed about the bre^t to be used during the reconstruction: 4 coplanar 

markers were placed on the medial side of tiie breast, and the other 2 were placed on the lateral 

side on a line that w^ parallel to the plane containing the other 4. These data were reconstructed 

using the software developed by N. Limienbrugger and R. Webber (TACTJ). A gaussian, 

smoothing filter (FWHM = 2 pixels) was applied to the reconstructed data to reduce the noise. 

Both the smoothed and unsmoothed data were anal^ed. 

The planar data were acquired in the lateral projection for 30 m (the same total time used 

to acquire the 6 ETACT projections). In this case, a low-energy, high-resolution parallel-hole 

coUimator WM used. At the image distances used, the number of counts acquired in the planar 

image exceeded that of the ETACT projections by about a factor of 2. Both the ETACT and the 

planar data were acquired on an ADAC TransCam portable gamma camera (30 cm field of 

view). 

The SPECT acquisition was performed on an ADAC Forte, dual-head SPECT camera. 

We acquired the data for 124 total projections at 30 s per projection. Since tiiis was a dual- 

headed camera, this acquisition took approximately 30 m. Thus all three modes of data 

acquisition took approximately the same amount of time. The SPECT data were reconstructed 

using filtered back-projection with a Hamming filter and a 0.6 cycles per Nyquist cut-off 

fi^quency. 

We analyzed these data using the definitions contrast (C) and contrast-to-noise ratio 

(CNR) previously described. The results are listed below: 
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Method Contrast CNR Comment 
TACT 0.505 
TACT (Smoothed) 0.266 
Planar 0.260 
SPECT 0.022 

3.74 
7.89 
3.94 
0.92 

Tumor clearly seen 
Tumor clearly seen 
Tumor barely seen 
Tumor not seen 

These results indicate that the ETACT method provided improved detectability and 

visualization of the tumor that either the planar or SPECT methods. The tumor contrast was 

highest for the imsmoothed TACT image. Although the contrast in the planar image was lower, 

the substantially lower noise (due to the higher number of total coimts) yielded a CNR value that 

was slightly higher than for ETACT. Smoothing the ETACT image greatly enhanced its CNR 

and also made the tumor more easily visible. Conversely, smoothing the planar data lead to a 

reduction in the CNR since the contr^t was also substantially reduced. The tumor was not seen 

on the SPECT images BS is indicated in the contrast and CNR values. This experiment confirms 

the simulation findings that ETACT h^ the potential for enhanced lesion detectability for small 

tumors in the breast. 

VIII. Development of a Clinical Prototype 

Based on these results, we have demonstrated the potential for ETACT to detect smaller 

timiors in the breast. We have also determined the following acquisition paramters for a clinical, 

ETACT protocol. 

• . 3-4 mm pinhole provides a good compromise between sensitivity and spatial resolution 

• 6-7 projections provide a good ETACT reconstruction 

• Total imaging time of 30 m (5 m per projection) provides adequate data 

• 15° angular disparity yields a good compromise between contrast and axial resolution 

• 5 or 6 fiducial markers are adequate for reconstructed ETACT data 

• Radioactive markere work adequately (must carefiiUy choose ptCi/mL) 

• Use ofoptical markers needs further development 

In addition, imaging the patient in the prone position with the breast suspended through a hole in 

the imaging table (or mattress) has been shown to be an effect way or acquiring the SMM study. 

12 



Based on these data and observations, the following protocol procedure is proposed. 

1. The patient is injected with 20 mCi of "™rc sestamibi. 

2. The patient is placed in the prone position on the special SMM mattress with a hole cut 

out for the breast. 

3. The breast to be imaged is suspended through the hole in the mattress with the nipple 

pointing down. 

4. Four coplanar, radioactive, fiducial markers are placed on the medial side of the breast 

within the mattress hole. The 4 markers (~1 mCi/mL) form a square with sides of 

approximately 5 cm. 

5. Two additional markers are placed on the lateral side of the breast on a line that is 

parallel to the plane containing flie other 4 markers. 

6. A pinhole coUimator (3 or 4 mm aperture) is used with a portable or otherwise flexible 

gamma camera that will allow the acquisition of the ETACT projection images. 

7. Six projections (5 m each) are acquired over a 30° arc that is centered on the straight 

lateral view of the breast. 

8. The entire protocol should take less than 40 m per bre^t. 

These projection data are then transferred to ETACT workstation and reconstructed suing the 

TACT algorithm. The resulting images can be reviewed as a stack of slices through the breast in 

conjunction with a three-dimensionally rendered reprojection of the data. 

IX. Future Research Directions 

With respect to using ETACT for SMM, several aspects of the data acquisition still 

deserve investigation. First, we will continue to investigate the use of optical markers to be used 

in the ETACT reconstruction. This approach would have the several advantages to tiie currently 

proposed method.  We would not have to make radioactive markers. Care must be taken in 

making these such that they are "hot" enough to easily see, but not so hot as to obscure any 

clinically pertinent features. There is also a risk that the markers may leak. The use of optical 

markere may also allow the ganrnia camera to be placed closer to the area of interest. Currently, 

we must image at such a distance that all of the markers are always in the field of view. We may 
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be able to relax this requirement when using optical markers. Our mathematical treatment of this 

hybrid approach places several geometric coiBtraints of the data acquisition. For instance, the 

pinhole aperture positions for all acquired projection must both be coplanar and parallel to the 

detector plane. The optical aperture positions for all projections must also be coplanar and this 

plane must also be parallel to the detector plane. We will investigate how closely we must 

adhere to these constraints in practical imaging situations. 

We will investigate the use of other coUimation besides pinhole with EXACT. For 

example, we will investigate the use of converging coUimation that provides higher sensitivity at 

reasonable imaging distances than the pinhole while still providing better spatial resolution than 

parallel-hole coUimation. An optimally designed converging coUimator may allow for shorter 

imaging times and thus could be more easily applied in a clinical envhonment. 

We would also like to investigate the application of ETACT with a more compact and 

flexible nuclear imaging camera. For example, the Digirad nuclear camera provides a 20x20 cm 

field of view that can be more easily brou^t into the mammography suite or into the operating 

room. If we can successfully apply ETACT with this or a camera with similar flexibility and 

portability, then we could potentially image the patient in the mammography suite while she is 

still in compression for her mammogram. hi this manner, the ETACT imaging results could be 

correlated with the mammographic results to provide a combined approach that links the 

anatomical changes seen on mammography with the functional results seen with ETACT. With 

the currently proposed protocol, one of the limitations that still remains is that it is difficult to 

correlate the ETACT findings with those fi-om mammography. The mammogram is used to 

direct the biopsy of any suspicious lesions. However, ETACT may provide a better indication of 

those aspects of the tumor that are metabolically active. Therefore, combining ETACT with 

mammography may improve the accuracy of stereotactic biopsy of the breast. 

We will also look at applying ETACT to the imaging of the axillary lymph node region. 

Uptake of''"Tc sestamibi in this region can be indicative of the spread of the dise^e to the 

lymph s^tem and thus may lead to a difference in the patient's prognosis. ETACT may provide 

a means for providing improved detection and localization of activity in the axilla. Such 

information may lead to more accurate staging of patients with breast cancer. 

Beyond breast imaging, we are looking at the use of ETACT for small animal imaging. 

We can use pinhole coUimation with a very small aperture (e.g., 1 mm) to image mice that have 
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been administered a radiopharmaceutical. EXACT provides an easy and straightforward manner 

of providing tomographic images of Ihese animals. The 3D information provided by EXACT 

will provide an improved ability to quantify the amount of activity in the feature. Thus EXACX 

could not only be used to provide a means for testing new radiotr^ers in rodents, but could also 

be used for providing a better way of monitoring the success of new treatment regimens in rodent 

models using standard radiopharmaceuticals. 

In this project we have shown that ETACX provides a simple and flexible manner of 

providing tomographic data from a series of projection images. Xhis allows radionuclide 

tomography to be applied in a variety of imaging settings and applications which would be 

difficult for conventional tomographic approaches such as SPECX. For these reasons, we will 

continue to investigate the use of EXACX for both breast imaging as well as other applications 

and we suspect that other investigators will also start to look at this simple and flexible approach. 

Lastly, we thank the Department of Defense for their generous support during this project, and 

we look forward to working with them in the future. 
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DC, Review of Statement of Work 

In this section, we will review the original statement of work with respect to work performed 

during this project. 

T^k 1:   To develop and utilize a computer simulation model (Months 1-15) [This has been 
completed.] 

Develop female, thoracic computer phantom including brents, tumor, lymph nodes, heart, 
liver and lungs [This has been completed.] 
Model radiologic properties of phantom including emission, detection, attenuation, scatter 
and Poisson noise [This has been completed] 
Model ETACT with number of fiducial markers, placement of markers, number and 
orientation of ETACT views [This has been completed] 
Model conventional SMM including both planar and SPECT [This has been completed] 
Run simulations varying lesion size, location and T/NT ratio [This has been completed.] 
Determine SNR and perform ROC analysis to compare different ETACT configurations to 
each other and to conventional SMM [This has been completed.] 

Task 2: To acquire and utilize phantom data to fiirther compare ETACT to conventional SMM [This 
has been completed] 

Develop phantom protocol including lesion placement, size and T/NT ratio and activity in 
other organs (heart, liver and chest) [This has been completed] 
Acquire ETACT data with portable gamma camera and pinhole coUimator varying number 
and location of fiducial markers, number and location of views and reconstruction method 
[This has been completed] 
Acquire conventional SMM including planar and SPECT [This has been completed] 
Perform ROI analysis to determine the SNR in the phantom data [J%is Aas fceen cowp/efed] 
Perform ROC analysis to compare different implementatioi^ of ETACT to each other and to 
conventional SMM [A modified version of this task has been completed.] 

Task 3:   To design a clinical  ETACT scintimammographic system prototype [This has been 
completed] 

Based on results of Tasks 1 and 2, design the optimal, acquisition parametere for ETACT 
SMM [This has been completed] 
Design a system for reliable and practical method of marker placement [This has been 
completed] 
Review design with both technical and physician staff in both nuclear medicine and 
mammography [This has been completed] 
Modify and finalize design based on clinical feedback. [This has been completed] 
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Key Research Accomplishments 

Task 1: To develop and utilize a computer simulation model 

• We have developed a 3D tool for simulating the ET ACT acquisition process including 

emission, pinhole collimation, detection and Poisson noise. 

• We have developed a simple bre^t tumor model for the evaluation of 

scintimammography. 

• We have converted this application from SGI to NT to make it more accessible, 

• We have performed an evaluation of the aperture size, angular disparity and number of 

projections using the simulation application described above. 

• We have developed a Monte Carlo model of ETACT and used it to evaluate the effect of 

photon attenuation and scatter on ETACT. 

T^k 2: To acquire and utilize phantom data to ftirther compare ETACT to conventional SMM 

• We have acquired the Data Spectrum breast phantom and have developed a protocol for 

imaging this phantom with fiducial markers using a portable gamma camera with a 

pinhole coUimator. 

• We have performed a comparison between ETACT and SMM (both planar and SPECT) 

using phantom data. 

• We have validated our simulation results and shown ETACT to be a clinically practical 

approach. 

Task 3: To design a clinical ETACT scintimammographic s^tem prototype 

• We have developed a method of merging two orthogonal ETACT data sets to further 

improve image quality and tumor detectability. 

• We are developing a method for using optical fiducial markers can be applied to ETACT 

in a practical manner. 

• Based on the results of these studies and discussions with our clinical colleagues, we 

have developed a protocol for the clinical application of ETACT. 
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Conclusions 

We have implemented the EXACT reconstraction algorithm that we described in our 

application. We have farther developed a computerized simulation model for the acquisition 

process associated with EXACT including emission, coUimation, detection and Poisson noise. 

We have also developed a simple model for the bre^t with a small tumor which also includes 

the fiducial markers necessary for doing EXACT. We used these simulation tools to perform an 

evaluation of the aperture size, angular disparity and number of projection. Based on this 

evaluation, it was determined that a 3-4 mm diameter aperture was optimal for EXACX. We also 

developed a Monte Carlo model of EXACX that included attenuation and scatter to demonstrate 

the validity of our ray-tracing simulation results. Using this phantom, we performed an 

evaluation to test the vahdity of our simulations and the feasibility of this approach. We used the 

phantom experiment to compare EXACX to conventional SMM, both planar and SPECX. We 

found EXACX to provide high contrast images that could be used to detect and visuaUze small 

features that were not readily visible on either planar or SPECX images. Xhese evaluations 

indicated that we need to greatly reduce the aperture-to-object distance if we are to improve the 

performance of EXACX. We demonstrated that merging 2 orthogonal EXACX data sets greatly 

improve image quality and tumor detectability. We implemented and tested an approach for 

using optical rather than radioactive markers. B^ed on the results of this project along with 

discussions with our clinical colleagues, we have developed a protocol for the clinical 

implementation of EXACX. 

20 



References 

Fahey FH, Grow KL, Webber RL, Harkness BA, Bayram E, Hemler PF. Emission tuned- 

aperture computed tomography: a novel approach to scintimanmiography. J Nucl Med 

2001;42:1121-1127. 

Grant DG, Tomosynthesis: A three-dimensional radiograpliic imaging technique. IEEE Trans 

BiomedEngin 1972; BME-19:20-28. 

Webber RL, Horton RA, Tyndall DA, Ludlow JB. Tuned-aperture computed tomography 

(TACT^. Theory and application for three-dimensional dento-alveolar imaging. Dentomaxill 

Radioll997; 26:53-62. 

Webber RL, Fahey FH. Biorthogonal merging of mammographic slices using tuned-aperture 

computed tomography. J Elect Imag. 2001; In Press. 

Fahey FH, Rhyasen KL, Harkness BA, Meltsner MA, Webber RL. Angular disparity in ETACT 

scintimammography. Med Phys. 2002;29:1980-1983. 

Webber RL, Robinson SB, Fahey FH. Three-dimensional, tuned-aperture computed tomography 

reconstruction using hybrid imaging systems. 2002; In Preparation. 

Hemler PF, Robinson SB Webber RL, Fahey FH. Tuned-aperture computed tomography. 2002; 

Submitted to Med Phys. 

21 



Appendix 

This appendix includes the Figure 1 from the Body of the Report and 

Fahey FH, Grow KL, Webber RL, Harkness BA, Bayram E, Hemler PF. Emission tuned- 

aperture computed tomography: a novel approach to scintimammography. J Nucl Med 

2001;42:1121-1127. 

Webber RL, Fahey FH. Biorthogonal merging of mammographic slices using tuned-aperture 

computed tomography. J Elect Imag. 2001; In Press. 

Fahey FH, Rhy^en RL, Harkness BA, Meltsner MA, Webber RL. Angular disparity in EXACT 

scmtimammography. Med Phys. 2002;29:1980-1983. 

Webber RL, Robinson SB, Fahey FH. Three-dimensional, tuned-aperture computed tomography 

reconstruction using hybrid imaging systems. 2002; In Preparation. 

Hemler PF, Robinson SB Webber RL, Fahey FH. Tuned-aperture computed tomography. 2002; 

Submitted to Med Phys. 

22 



^-5 

m c 

i 10-6 
> 

m 
DC 

10 -7 

Unattenuated 
Total attenuated (20% window) 
Uncollided attenuated 

^.♦♦♦♦♦^♦♦♦♦^^♦^*j^^. 

e©,© 
«>   ooOo^^ooo^^^Oae*.^ o   © o"o 

0.0      0,50      1.0        1.5'      2.0       2.5      3.0 

Radius in image (cm) 

Figure  1 

3.5       4.0 

23 



Emission Tuned-Aperture Computed 
Tomography: A Novel Approach to 
Scintimammography 
Frederic H. Fahey, Keny L, Grow, Richard L, Webber, Beth A, Harkness, Erein Bayram, and Paul F. Hemler 

Division ofRadiologic Sciences, Wake Forest University School of Medicine, and Department of Physics, 
Wake Forest University, Winston-Salem, North Carolina 

Emission tuned-aperture computed tomography pTACT) Is a 
new approach to acquiring and processing scintimammography 
data. A gwnma camera with a pinhole coilimator Is used to 
acquire projections of the radlonuclide distribution within the 
breast. Fiducial martcers are used to reconstaict these projec- 
tions into tomographic slices. Simulation and ph^itom experi- 
ments were performed to evaluate the potential of the ETACT 
method. Methods: In the simulation study, a hemispheric object 
of 15 cm in diameter was constructed to model a breast. A 
ray-tracing technique was used to generate ideal projections. 
These were biun-ed and noise was added to create Images that 
resemble scintigraphic images. Tumor size, pinhole size, aid 
target-to-nontarget radioactivity ratios (TNTs) were vmed. TTie 
simulated projections were reconstructed into slices, and con- 
trast and contrast-to-noise ratios were calculated to evaluate 
the effect of pinhole size. These results were compared with a 
simulated planar acquisition of the same object. A preliminay 
phantom evaluation was perfomied using an 8-mm "tumor" with 
a 10:1 TNT to validate the simulation results. Results: A 3-mm 
pinhole was shown by the simulation study to be the optimal 
size. The ETACT Images consistently yielded higher contest 
than simulated planar images. TTie phmitom study validated the 
simulation results mvi showed the feasibility of ETACT in a 
simulated clinical environment. Conclusion: ETACT is shown to 
be useful for Imaging tumora <1 cm in diameter. Because 
ETACT requires only a gamma camera with a pinhole coilimator, 
it has the potential to be applied in aiy hospital In a simple, 
flexible, and practical manner. 

Keywords: tomography; pinhole colllmatlon; reconstmctlon 

J Nuol Med M01; 42:1121-1127 

B. 'reast cancer is the most common malignancy among 
women in the United States (i). Every year, more than 
185,000 lives are impacted as a result of breast cancer and 
44,000 die of the disease (2). Patients with breast cancer 
diagnosed at a localized stage experience a survival rate of 
90%, whereas the rate is <20% if the cancer h^ spread to 

Received Nov. 2, 2000; revision accepted Mar. 8,2001. 
For correspondence m reprints contact: Frederic H. Fahey, DSc, PET 

Center, Wake Fwest University School of Medicine, Medical Center Blvd., 
Winston-Salem, NC 27157-1061. 

1 or more distant sites (3). Early detection, therefore, plays 
an essential role in the fight against breast cancer. Although 
mammography is currently the best imaging approach for 
breast cancer screening, several factors may limit its accu- 
racy. Dense breasts, breast implants, or scars may either 
resemble a tumor or hide true small tumors on the mam- 
mogram. As a result, false-positive as well as false-negative 
incidents are increased. Mammography has a relatively high 
sensitivity (88%), although dense or large breasts may re- 
duce this. However, it has a low specificity (67%) (4). 

Scintimammography using ""Tc-labeled sestamibi has 
been shown to have high sensitivity and specificity (93.7% 
and 87.8%, respectively) for tumors > 1,5 cm (J). However, 
in its cxiirent implementation, the limited spatial resolution 
of the gamma camera limits the sensitivity and specificity 
for tumore <1 cm (d). We are developing a new approach 
to detect early stages of breast cancer with scintimammog- 
raphy called emission tuned-aperture computed tomography 
(ETACT). ETACT uses pinhole coUimation and limited 
angle tomography to potentially improve the contrast of 
small tumore. In this article, we describe the ETACT 
method and present some preliminary simulation and phan- 
tom investigations of this approach. 

ETACT is based on the tuned-aperture computed tomog- 
raphy (TACT) method developed by Webber et al. (7). 
Consider the tomographic method known as tomosynthesis 
(5). In tomosynthesis, several planes through an object are 
reconstructed firom a small number of 2-dimensional (2D) 
projections. This technique is illustrated in Figure 1. A 
series of coplanar x-ray sources form a circular pattem. A 
disk and a square are located between the source and de- 
tector planes. Each source projects the 2 objects onto the 
detector plane, resulting in a series of projections. By shift- 
ing by the appropriate amount and then adding these pro- 
jections, any plane through the object can be reconstructed. 
For instance, if all projections are shifted so that the centere 
of the disk in all images are aligned and the projections are 
then added together, the result is the slice that contains the 
disk being reconstructed. Note that the square object is out 
of focus in this plane. However, by shifting such that the 
squares align and then adding, the plane through the square 
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Disk Object 

Square Object 

Shift and add so 
squares superimpose 

Shift and add so 
disks superimpose 

FIGURE 1. Tomospithesis Is Imaging technique that shifts 
and adds series of 2D projections to constojct 3-dimensional 
image. Point sources of each projection are coplanar, leading to 
linear shifting and adding of projections. Through shifting and 
adding process, any arbitrary slice through object can be re- 
const-ucted, (Reprinted with peiroisslon of (7),) 

this fashion any arbitrary slice can be reconstructed and a 
3D representation of the object is constructed (7). 

Now consider a situation in which the source locations 
are not coplanar and their locations are unknown. In this 
case, at least 5 fiducial markere (e.g., 4 coplaimr and 1 out 
of plane) are needed. The 4 coplanar markers are used to 
apply a projective transformation between the projections 
and a reference image. This provides a correction for skew- 
ing and a first-order correction for magnification. The mag- 
nification correction applies only to the plane containing the 
4 fiducial markers and does not correct for the differential 
magnification between planes. Once this transformation has 
been applied to the projections, they can be treated as if they 
were acquired with coplanar sources and the fifth, out-of- 
plane fiducial marker is used to reconstruct the data as 
described previously (i.e., shifting and adding). TACT has 
been used successfully in a variety of radiographic applica- 
tions including dental radiography and mammography (7,9). 

Source 
Plane 

o  -#- Fiducial 

Object 

can also be reconstructed. In this fashion, any slice through 
the object can be created, and a 3-dimensional (3D) repre- 
sentation of the object is constructed. In tomosynthesis, the 
amount to shift the projections before addition is determined 
from the known location of the x-ray sources. 

In TACT, the imaging geometry is more flexible and the 
source is not restricted to 1 plane. This allows more freedom 
to "tune" the projections to each situation, thus optimizing 
the reconstruction. As a result of this loosened geometry, 
fiducial markers are needed to compensate for the extra 
degrees of fi'eedom. Firat, consider the sources to be located 
in a plane parallel to the detector plane, but with unknown 
position within that plane, as shown in Figure 2. A single 
fiducial marker is used. If all projections are added without 
shifting, we are reconstructing the detector plane. The cen- 
troid of the fiducial marker locations in all projections is 
then calculated. The projections are shifted such that the 
locations of the fiducial marker in the different projections 
align with the centroid and are then added together. The 
resuh is the reconstruction of the slice containing the fidu- 
cial marker as shown in Figure 2. To reconstruct a slice one 
third of the way between the marker and the detector plane, 
the projections are shifted two thirds the distance between 
their initial location and the centroid and added together. In 

Detector 
Plane 

I 

Centroid 

FIGURE 2. Demonstration of concepts of TACT. Five x-ray 
source locations are coplanar but arbitrary and unknown. One 
fiducial marker Is used. Five projections of object are obtained. 
If projections are added without shifting, object at detector 
plane is reconsmjcted, Centroid of 5 maker locations is deter- 
mined. If all projections are shifted such that marker locations 
align with centroid and projections are then added, plane con- 
taining fiducial mai1<er Is reconstructed. To reconstmct plane 
one third of way from marker to detector plane, projections are 
shifted two ttilrds of distance from their Initial location toward 
cenfroid and ttien added. In this manner, any artjitrary plane can 
be reconstructed and 3D representation of object is obtained. 
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Detector Plane Reference Plane 

nx: 

FIGURE 3. Similarity between TACT aid ETACT geometry, 
where d Is plnhole dlmneter, b Is plnhole-to-object distance, 
and f Is distance from plnhole to both detector and reference 
planes. In ETACT, reference plane is parallel to detector plane 
and same distance from plnhole, but on opposite side of pin- 
hole. In ETACT, plnhole Is analogous to source In TACT. 

ETACT is emission TACT, which combines the concept 
of TACT with nuclear medicine imaging. A radiopharma- 
ceutical is injected into the patient and imaged witli a 
gamma camera using a pinhole coUimator. In this geometry, 
the x-ray source in TACT is replaced with the pinhole 
collimator. The detector plane is the surface of the Nal 
detector, A reference plane is defined that is parallel to the 
detector plane and equidistant to (he pinhole but on flie 
opposite side, as shown in Figure 3. The pinhole location is 
not restricted to 1 plane. This allows the fi-eedom to choose 
projection angles, which will be optimized for each specific 
imaging situation. The 5 fiducial markers are radioactive in 
ETACT. After the projective transformation of the projec- 
tions (using the 4 coplanar markers), adding the projections 
without shifting reconstrubts the reference plane. Shifting 
all projections so that the fifth fiducial marker locations in 
all images align with their centroid reconstructs the plane 
parallel to the reference plane and containing the fifth 
marker. Shifting the projections a set fraction of that amount 
reconstructs the plane that is that fraction of the distance 
between the fifth fiducial marker and the reference plane. 
Therefore, ETACT can reconstruct any number of slices and 
thereby generate a 3D representation of the object. 

Potential benefits of ETACT arise from both the use of 
pinhole coUimation and the flexibility of the ETACT acqui- 
sition. In the first case, the pinhole collimator provides 
superior spatial resolution to that of a parallel-hole collima- 
tor. For a pinhole-to-detector distance of 25 cm, a pinhole 
diameter of 4 mm, and an intrinsic spatial resolution of 3.5 
mm, the pinhole system spatial resolution is approximately 
6.0 mm compared with that of planar and SPECT imaging 
with a high-resolution collimator, which would be approx- 
imately 7.5 and 10 mm, respectively. This increased spatial 
resolution will lead to enhanced contrast of small tumore 
attributed to a reduction in the partial-volume effect. Sec- 
ond, the sensitivity of the pinhole collimator is inversely 
proportional to the square of the pinhole-to-object distance. 

whereas the sensitivity of a parallel-hole collimator does not 
vary with distance. Therefore, the pinhole collimator will be 
less sensitive to activity in objects behind the breast such as 
the myocardium or the liver. For example, if we assume that 
radioactivity in the tumor and myocardium is located 7 and 
14 cm from the pinhole, respectively, then the system will 
be 4 times more sensitive to activity in the tumor than it is 
to the myocardium. 

The advantage of ETACT over other tomographic meth- 
ods is that the 3D resolution as well as the signal to noise 
can be "tuned" to specific diagnostic tasks through purpose- 
fiil manipulation of the data-sampling strategy. This is anal- 
ogous to altering one's vantage point to optimize the view- 
ing of a scene or manipulating the optical aperture of a 
camera to adjust the depth of focus to best fit the imaging 
task at hand. Therefore, the projections obtained during an 
ETACT acquisition can be chosen to avoid signals from 
other organs such as the heart or liver or to enhance the 
tomographic capability for challenging imagmg tasks such 
as the detection of small tumors near the chest wall. 

On the basis of both of these factore, ETACT has the 
potential to enhance the detection of small tumore in the 
breast, Pinhole coUimation enhances system spatial resolu- 
tion and degrades the contribution of signal from other 
organs, and TACT reconstniction further enhances the con- 
trast of these small structures. The result should be an 
overall increase in the signal-to-noise ratio (SNR) and, 
thereby, detectability for small tumore. Clinically, this 
should result in improvements in sensitivity and specificity 
for the detection of breast tumore <1 cm in diameter. 

MATERIALS AND METHODS 

Simulation Experiments 
Simulation studies were used to determine the optimal pinhole 

size for ETACT, An object was designed whose shape resembled 
that of a hemispheric breast, 15 cm in diameter. A spheric tumor 
was placed in the center of the breast. The tumor was assigned a 
diameter of 5,7.5, or 10 mm. Five fiducial markers were placed to 
flic lateral side of the breast. Four of the markers were coplanar 
(parallel to a sagittal plane through the breast) and fomied a 
square, 5X5 cm, whereas the fifth fiducial marker was out of the 
plane by 1 cm. The target-to-nontorget radioactivity ratio (TNT) 
was also defined. In various simulations the TNT was 5:1 (i.e., the 
tumor was 5 times as "hof as the rest of the breast), 7.5:1, 10:1, 
12.5:1, or 15:1. The 3D object v/m represented as a series of 40 
equally spaced slices. Projections of this object were generated 
using a ray-tracing technique (10). The detector was defined as a 
500 X 500 mm square to ensure that all projections would be 
within the field of view. The pinhole-to-detector and pinhole-to- 
object (tumor) distances were 25 and 15 cm, respectively, A 
symmetric set of angles was used to take 7 projections of the 
object. The first image was a straight lateral view of the breast. 
From the straight lateral, let the angle 6 describe flie amount of 
caudal tilt and the angle «j> describe the amount of rotation about 
the long axis of the body. The other 6 projections were acquired in 
a hexagonal pattern with each view 15*^ from the straight lateral as 
described in Table 1. Note that 6 = 10° and «|> = 10° lead to an 
angle from the straight lateral of about 15°, These 7 projections 
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TABLE 1 
Angular Orientation of Each Simulated Projection 

togle 0 
Projection e * 

1 0 0 
2 15 0 
3 -15 0 
4 10 10 
5 -10 10 
6 10 -10 
7 -10 -10 

From straight lateral, let angle 6 describe anount of caudal tilt 
and angle ^ describe OTiount of rotation aljout long axis of body. 
Note that 9 = 10" and <^ = 10° lead to angle from straight lateral of 
M)out 15°. 

were considered "ideal," meaning no blurring or noise was added. 
These projections were then blurred and noise was added, depend- 
ing on the pinhole size, which was varied: 1,2,3,4,5, and 6 mm 
in diameter. The blurring was accomplished by convolving the 
projections with a gaussian kernel having SD a with: 

a = Rs5,5/2.35, 

with R,,, = (R,h2 + (R,/M)')'«, 

d 

f 

andM = b' 

of shifting necessary to reconstruct different slices through the 
object. Figure 4 displays 4 of 40 reconstructed slices of the blurred 
and noisy case for the 10-mm tumor and 10:1 TNT and a 3-mm 
pinhole. Because the lateral view was used in each case as the 
reference image, all reconstnicted image sets were oriented in the 
same way. For each case, the slice with the tumor was selected. 
Contrast measurements of tumor counts vereus background counts 
in the blurred image were calculated and recorded. A 16 X 16 
pixel region of interest (ROI) was used to determine the counts 
over the tumor. A similarly sized ROI was placed in the back- 
gixjund of the breast, just outside of the tumdr boundary. Two 
measurements were made in the background and then averaged. 
One measurement was made directly on the tumor and the value 
(TUM) was recorded. The contrast was then estimated using the 
following formula: 

C = 
(TUM - BKG) 

BKG 

where BKG is the mean value of the pixel counts in a background 
ROI. The fractional SD (FSD = SD/BKG) of the pixel values in 
the background of the blmred and noisy image was also calculated. 
Two FSD measurements were taken from the background of the 
breast and then averaged together. The contrast, C, was divided by 
the averaged FSD to estimate the contrast-to-noise ratio (CNR): 

CNR = FSD 

The CNR is analogous to the SNR, Calculation of the SNR 
would require the fractional SD of the ROI counts rather than 
the pixel counts. However, if the pixel counts in the region are 
reasonably uniform, the 2 SDs should be proportional to each 

where d is the pinhole diameter, f is the pinhole-to-detector dis- 
tance, b is the pinhole-to-object distance, M is the magnification 
factor, Ri is the intrinsic resolution, R^ys is the system resolution, 
and Rph is the pinhole resolution (//). 

Noise was then added to each projection. Firet, the projection 
data were scaled such that the pixel values were similar to fliat 
acquired vrith a gamma camera using a pinhole collimator. The 
sensitivity was calculated on the basis of the pinhole size, wing 
ill): 

G = :^(d/f)'(b + f). 

The scaled projection was multiplied by the sensitivity on a pixel- 
by-pixel basis. Each pixel value was sampled from a Poisson 
distribution with a mean N, where N is the noiseless pixel value. 
Projection sets were generated for various tumor sizes, TNTs, and 
puihole sizes. All sets were simulated twice, once using blurred 
data and once using data that were both blurred and noisy. A total 
of 36 ideal projection sets was simulated. 

For each projection set, the TACT software developed by R,A. 
Horton and R.L. Webber (Verity Software Systems, Winston- 
Salem, NC) was used to reconstruct the data. The straight lateral 
view was used as the reference. The 4 coplanar fiducial markers 
were identified on each projection, and a projective transformation 
of each of the projection images was performed. The fifth marker 
was identified in each projection and laed to determine the amoimt 

FIGURE 4. Four of 40 ETACT reconstructed slices for case 
10/10 (tumor diameter of 10 mm and 10:1 TNT) using 3-mm 
pinhole. (A) Fifth fiducial plane. (B) Four fiducials. (C) Random 
slice within breast. (D) Slice containing tumor. 
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other. Thus, the CNR should be indicative of lesion detectabil- 
ity just as SNR is. 

Planar images were simulated for the 10/10 case (which refers 
to a lO-mm tumor and a TNT of 10:1) and varying pinhole size for 
comparison with the ETACT reconstructioiK. The straight lateral 
view of the breast was simulated with 7 times the counts in a 
single, simulated ETACT projection. In this way, the planar image 
had the same total counts as the total ETACT reconstruction. The 
contrast and the CNR for the planar case were compared with 
those of the ETACT reconstructed data. 

Phantom Experiments 
An 8 mm "tumor" was filled with '*»Tc and inserted into the 

breast phantom (Data Spectrum Corp., Hillsborough, NC). The 
rest of the breast was filled with water and mixed with ""Tc to 
create a 10:1 TNT, 37 kBq/mL (1 mCi/raL) in the breast and 370 
kBq/mL (10 mCi/mL) in the tumor. After the phantom was pre- 
pared, it was set on a table and 7 projections were taken with a 
portable gamma camera (TransCam; ADAC Laboratories, Milpi- 
tas, CA) using a pinhole collimator. The positioning of the 7 
projections was taken to resemble those in the simulation study. 
Figure 5 displays the experimental setup. The TransCam camera 
has a 260-mm field of view and a 6.5-mm Nal crystal thickness. 
This camera has an intrinsic spatial resolution of 3.6 mm and an 
ener^ resolution of 10.9% at 140 keV. The data were acquired 
with a 15% energy window. A 4-mm pinhole was used. Each 
projection was acquired for 5 min. The total count for each 
projection was around 45,000. The TACT software was used to 
reconstruct the data as described. The contrast and CNR measure- 
ments were calculated in the same fashion as in the simulation 
study. 

RESULTS 

Simulation Results 
The simulation results are presented in Tables 2 and 3 and 

in Figure 6. The labeling 10/5 refers to a tumor size of 10 

TABLE 2 
Contrast Measurements 

FIGURE 5. Phantom experiment setup includes aithropo- 
morphic phantom and portable gamma camera with pinhole 
collimator aimed at lateral side of breast. Seven projections 
were taken of breast at different aigles. These projections were 
ttien reconstructed using ETACT software to create slices 
through breast. 

Pinhole size Contrast 

(mm) 10/10 7.5/10 5/10 10/5 7.5/5 5/5 

1 0.472 0.283 0.123 0.254 0.16 0,055 
2 0.454 0.262 0.1 0.226 0.145 0,066 
3 0.437 0.231 0.068 0.199 0.094 0.049 
4 0.375 0.176 0.059 0,149 0.088 0.057 
5 0.256 0.148 0.05 0.145 0.078 0.066 
6 0.206     0.099     0.055     0.097 

refers to 10-mm tumor size and TNI 

0.063 

of 10:1, 

0.058 

Case 10/10 whereas 
case 7.5/5 refers to 7.5 •mm tumor size and TNT af5:1. 

mm and a TNT of 5:1, whereas 5/10 refere to a tumor size 
of 5 mm and a TNT of 10:1. Values for all 6 difTerent 
pinhole sizes are listed. The contrast results are displayed in 
Table 2. The CNR results are shown in Table 3 and in 
Figut« 6. Our results indicate that a CNR of around 2 is the 
threshold for detectability. In each case, there is an optimal 
peak in the CNR curve. The overall optimum is a S-mm 
pinhole for a tumor of size 10 mm and a TNT of 10:1. The 
highest concentration of the best CNRs is as a result of the 
3-mm pinhole. Figure 4 shows 4 reconstructed simulations 
for the 10/10 case. Table 4 compares the contrast and CNR 
of the planar and ETACT simulations as a function of 
pinhole size. In all cases, the contrast and CNR for the 
planar case were less than those for the ETACT case, 
primarily because of the increased contrast that resulted 
from the ETACT reconstruction. 

Phantom Results 
The results of the phantom experiment including the 

8-mm tumor are given in Table 5. Reconstructed slices 
through the breast, including the fifth marker, the 4 coplanar 
markers, the breast, and the tumor, are shown in Figure 7. 
The 8-mm tumor is detectable and these results are compa- 
rable with our simulation results. 

DISCUSSION 

In the simulation experiments, ETACT was shown to 
have the potential of detecting tumore <1 cm. However, a 

TABLES 
CNR Measurements 

Pinhole size CNR 

(mm) 10/10 7.5/10 5/10 10/5 7.5/5 5/5 

1 4.63 2.77 1.21 2.5 1.57 0.54 
2 6.98 4.03 1.54 3.48 2.23 1,02 
3 8.57 4.53 1.33 3.9 1.84 0,96 
4 7.98 3.74 1.26 3.17 1.87 1.22 
5 6.24 3.61 1.22 3.53 1.9 1.61 
6 5.72        2.75       1.53     2.7 

each case Is in twldface type. 

1.75 1.61 

Optimum for 
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-A-10/10 
H»-7.6/10 
-•-5/10 
H-10/5 
-6-7.5/5 

-♦-5/5 

12       3       4       S        6 

Diameter of pinhole (mm) 

TABLE 5 
ETACT Phantom Results 

FIGURE 6. Plot of CNR measurements for different simulated 
cases: as TNT increases, CNR also Increases. In most cases, 
optimal pinhole size Is 3 mm. 

5-mm tumor was not detectable even for a TNT m high as 
15:1, The CNR threshold for detection was determined 
objectively to be around 2,0, As the pinhole size of the 
coUimator increased, the contrast of the image woreened 
and the noise decreased; conversely, as the pinhole size 
decreased, the contrast improved and the noise woreened. 
Thus, there may be an optimal pinhole size as determined by 
that that yields the maximal CNR, The optimal pinhole size 
•was observed to be the 3-mm pinhole for all discemable 
cases, although it was not substantially better than 4 mm. 
The contrast and CNR were consistently higher for the 
ETACT simulation compared with a planar simulation. 

The simulation study may be limited because attenuation 
and Compton scatter were not included in the model. At- 
tenuation may have an effect on the final image, -y-Rays 
from the tumor had to travel half of the breast, but -y-rays 
from behind the tumor had more tissue through which to 
travel and thus would be attenuated more. Attenuation may 
have reduced the image contrast, but the effect would prob- 
ably be small. In Compton scatter, the photon changes 
direction as it scatters, causing a loss in spatial resolution 
and the contrast for small objects to woreen. In the clinic, 
the limited energy resolution of the Nal crystal in the 
gamma camera makes it impossible to eliminate all of the 
Compton scattering. Even with a 15% energy window, 
scattered radiation will still be incoiporated into the image. 
Therefore, the phantom study results may not exactly match 

TABLE 4 
Comparison of Simulated Planar and ETACT Data 

Pinhole size Contrast CNR 

(mm) Plana' ETACT Planar ETACT 

1 0,402 0,472 3.98 4,63 
2 0,345 0,454 5.43 6,98 
3 0,300 0,437 5.58 8.57 
4 0,255 0.375 5,13 7,98 
5 0,214 0.256 4.40 6,24 
6 0,165 0,206 3.25 5.72 

Tumor size 
(mm) 

Phantom measurements 

Contrast %SD SNR 

0,58 15,8 3.67 

Measurements were made with 4-mm pinhole. 

the simulated data because of attenuation and Compton 
scatter. On the other hand, it is imclear whether the inclu- 
sion of attenuation and Compton scatter has much effect on 
the comparison of ETACT with other conventional imaging 
methods because these considerations would affect these 
methods as well. We are investigating the role of attenuation 
and Compton scatter in ETACT through Monte Carlo sim- 
ulations and a comprehensive phantom study. 

In the phantom studies, the aim was to create a simulated 
clinical setting. The breast was filled with a 37-kBq/mL (1 
mCi/mL) solution and the tumor was filled with 370 
kBq/mL (10 mCi/mL). The phantom was imaged with 
seven 5-min exposures, a total of 35-min acquisition time, 
which would be considered a reasonable study time in the 
clinic. The phantom results are a reasonable indication of 
what may be expected with real patient data. The phantom 
results also verified the validity of the simulation results. 

To improve the potential of the ETACT method, some 
aspects of the experimental setup need fiirther investigation: 

A 

m 

B 
• 

• 

• 

c D 

FIGURE 7. Four of 40 reconstnjcted slices of anthropomor- 
phic phantom using 8-mm tumor size with 10:1 TNT. (A) Fifth 
fiducial slice. (B) Four flducials. (C) Random slice within breast, 
(D) Slice containing 8-mm tumor. As viewed, 8 mm is detect- 
able. 
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pinhole size, collimator, field of view, angular disparity of 
the projections, and iterative deconvolution. On the basis of 
our simulation results, a 3-mm pinhole will be constructed 
and used for future phantom studies. Simulation results 
imply that a 6-mm tamor might be visible with the 3-mm 
pinhole. Another way of improving the resolution, and 
therefore the SNR, of the images is to increase the field of 
view of the detector, allowing for more magnification. This 
could possibly be accomplished by the use of optical mark- 
ers. Instead of radioactive fiducial markers, visible ones 
could be used with an optical system mounted to the gamma 
camera. The optical markere would be used for the recon- 
struction process. Thus, the gamma camera could more 
closely approach the patient with more flexibility, but with- 
out all of the fiducial markers necessarily being in the field 
of view of the gamma camera. This could lead to an increase 
in both resolution and sensitivity. Iterative deconvolution 
could also improve the results of the ETACT method, by 
subtracting the unwanted signals from neighboring shoes. 
To ftjlly analyze the ETACT method, a clinical evaluation 
needs to be performed eventually. 

CONCLUSION 

We evaluated the scintimammography technique, 
ETACT, through simulation and phantom experiments. The 
simulation experiments revealed that the 3-mm pinhole size 
is the optimum for the best tradeoff between resolution and 
noise. The phantom studies were consistent with the simu- 
lation results and proved fliat we can get reasonable results 
in a simulated clinical setting. In the phantom experiments, 
the 8-mm tumor was visible using the 4-mm pinhole. There- 

fore, ETACT has the potential to improve patient diagnoses 
by detecting tumora at an earlier stage and could be applied 
in any hospital in an easy and flexible manner. 
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This investigation demonstrates a method for creating three-dimensional (3D) mammograms. It 

involves biorthogonal merging of independent tomographic representations, A test specimen containing 

human breast tissue with reference points attached was irradiated from five angles and fi-om two orthogonal 

orientations. Data from both orientations were processed independently to yield data derived from the 

same tissues but oriented orthogonally. By combining suitably-corrected 3D matrix representations of these 

data, it was possible to assign more accurate estimates of volume elements in the resulting 3D 

reconstructions. Data obtained using a conventional digital stereotactic mammography system yielded a 

merged 3D image that retained spatial details and apparent structural continuity even when rendered as a 

cube rotated through a full 360*. We conclude that merging 3D matrices derived from multiple projections 

obtained biorthogonally may offer an intriguing alternative to conventional 2D digital mammography and 

intrinsically anisotropic 3D mammographic imaging methods. 

KEY WORDS: digital imaging, three dimensions, mammography, computed tomography, nonlinear 
processing 

Sent to Journal of Electronic Imaging 



ABSTRACT 

This investigation explores the potential for creating three-dimensional (3D) mammograms 

through biorthogonal merging of independent tomographic representations. A cuboidally shaped test 

specimen containing human bre^t tissue with reference points attached to each comer w^ irradiated from 

five angles and from two orthogonal orientations, yielding a total of 10 projections. Data from both 

orientations were processed independenfly to yield independent laminographic series derived from the 

same tissues but oriented orthogonally. Relationships derived from respective projections of the reference 

points were used to correct for cone-beam artifacts, A matrix-rotation program was developed and applied 

to the data underlying one of these now affine-corrected 3D representations that, in effect, flipped it 90», 

By combining the rotated 3D volume representation with its unrotated, orthogonally generated counterpart, 

it was possible to assign more accurate estimates of volume elemente in the resulting 3D reconstructions. 

Data obtained using a conventional digital stereotactic mammography system yielded a merged 3D image 

that retained spatial details and apparent structural continuity even when rendered as a cube rotated through 

a full 3ffl». We conclude that merging 3D matrices derived from multiple projections obtained 

biorthogonally may offer an intriguing alternative to conventional 2D digital mammography and 

intrinsically anisotropic 3D mammographic imaging methods. 

1      Introduction 

Conventional mammography is an intrinsically two-dimensional (2D) imaging 

process. As such, its diagnostic potential is necessarily limited by the extent to which 

essential 3D information is obscured by irrelevant tissue details located either above or 

below the region of interest. The similarity in attenuation between normal and cancerous 

breast tissues affects both sensitivity and specificity and is particularly important when 

the region of interest is small and the enveloping tissue relatively dense. The addition of 

depth information via conventional stereometry has been shown to improve diagnostic 



performance.* However, this approach does not allow for suppression of 3D details 

known to be irrelevant (structured noise)? 

Conventional computed tomography (CT) provides a theoretically tractable means 

for isolating questionable tissue pattems in 3D, but anatomical and radiographic 

restrictions unique to mammographic applications present a formidable challenge to 

existing CT scanner designs,^'* Recent findings by Nikl^on et al^ suggest that digital 

tomosynthesis may provide significant benefits for breast cancer screening. This 

conclusion w^ reinforced by the results of a controlled in vitro study demonstrating 

significantly improved sensitivity for detection of standardized mammography details 

buried in normal bre^t tissues when displayed in 3D.* However, off-axis projection 

constraints required by tomosynthetic imaging geometry necessarily induce spatial 

correlations between reconstructed slices, thereby restricting 3D information to regions 

outside the associated null space. 



2 Experimental Goal 

This investigation explores a method for effectively eliminating this shortcoming 

through the merging of data produced by using multiple orthogonal sampling strategies. 

More specifically, we test the hypothesis that it is possible to combine data obtained from 

two (or more) tomosynthetic projection series oriented at right angles to each other to 

yield a single composite 3D representation that minimizes the sampling gaps associated 

with the intrinsic "one-sided" reconstruction techniques underlying conventional 

tomosynthesis. 

3 Theoretical Considerations 

1 Before we can achieve this objective, we must solve some technical problems. One such problem 

is caused by the cone-beam projection geometry used to produce the underlying source projections. All 

projections produced from a finite focal-object distance necessarily exhibit significant differences in 

projective magnification from one slice to the next. For this reason, details in planes relatively nearer the 

x-ray source are magnified more than comparable details located nearer the projection plane. 

Consequently, a volume that in reality has the shape of a cube appears as a truncated pyramid when 

rendered tomosynthetically in 3D (Fig.l). 

This intrinsic scaling distortion poses no significant problems so long as each slice is interpreted 

independently. However, when slices produced from conventional projection sequences are to be 

registered with others synthesized from orthogonally oriented samples, even relatively small variations in 

projection scaling with depth can preclude accurate spatial registration. We chose to avoid this difficulty 

by isotropically rescaling each reconstructed slice by an amount calculated to produce unity magnification 

throughout the volume. Because the results are identical to those that would have been produced using 

affine projection geometry, we coined the term "affinization" to describe this correction procedure.' 

Another problem that must be solved is the need for precise registration of homologous volume 

elements. We dealt with this problem by attaching e^ily recognized fiducial points to the object of 

interest. Because these points were positioned in fixed known locations, the affinization process described 



above was e^y to perform. Moreover, flie reconstruction process was rendered more precise by 

eliminating any projection inaccuracies associated with rigid coupling of Uie object to the projection 

system, lliis simplification arises from the use of these same fiducial points to M^complish the 3D 

reconstruction using Tuned-Aperture Computed Tomography® in lieu of conventional tomosynthesis,*-' 

Finally, precise registration of the two resulting affinized 3D volumes WM accomplished through the 

straightforward process of projective superposition, 

4     ^bterials and Me1bo& 

This approach was used to image some fro^n human bre^t tissue known to contoin calcified 

blood vessels sad characteristic microcdcifications. Multiple slices of this tissue ranging in thickness from 

10 to 12 mm were stacked and cut into squares that would fit snugly into a 35 mm cardboard film box 

measuring 38 x 38 x 53 mm. Lead spheres approximately 2 mm in diameter (Y-Spots, BeeMey Corp., 

Bristol, Cr USA) were attached to the four bottom comers of the box, and four more were attached to the 

vertical edges at a distance 38 mm up from flie b^e, Tliis procedure yielded a cube-shaped region 

containing frozen breast tissue bounded at each vertex by easily recognized radiopaque markers (Fig, 2). 

This container was r^iographed as shown in Fig. 2 from five discrete angles using a modified 

mammography machine configured with a swing arm and a digital camera attachment used in stereotactic 

applications (Delta 16, Instrumentarium Imaging, Tuusula, Finland). Note that the position of tiie box was 

shifted laterally slightly between successive exposures to assure that all eight fiducial reference points were 

always projected onto tiie region defined by the digital detector when the position of the x-ray source 

changed. Tlie resulting mammographic projections had angular disparities of approximately -15", -7.5°, 0°, 

7.5°, and 15° from vertical. Five anteroposterior (AP) images were obtained under these conditions using 

default settings for kVp and exposure as determined by the automatic exposure system on the machine. 

The box then was rotated W djout an axis perpendicular to the front and rear faces of the cube, and the 

lateral projection series (LAT) WM repeated using the same settings. Tliis procedure yielded the two 

orthogonal projection sets shown in Fig. 3. 

These two orthogonal sets were used to produce two independent series of 165 tomosynthetic 

slices each. To minimi^ the intrwluction of known tomMynflietic artifacts into the reconstruction of 

individual slices caused by unregistered projections of high-contrmt structures located outside the plane of 

4 



interest, we used two different deblurring techniques, one linear and one nonlinear. The linear method 

involved the application of an iterative deconvolution scheme based on the known point-spread function 

underlying the 3D reconstruction process.'" The nonlinear methwJ involved minimization of respective 

pixel values as opposed to the averaging process underlying conventional back-projection algorithms." It 

has been suggested that Ms expedient may increase observer specificity for radiopaque signals at the 

expense of sensitivity.*^ As described above, these slices were then afflnized individually by proportional 

re-projection of each, relative to fixed positions established by the shadows produced from the four 

coplanar fiducial points located closest to the plane of the digitel detector. Slight iuMcuracies caused by 

tiie imperfect placement of the fiducial points on flie exact comers of a cube, likewise, were coirected in 

this way, thus assuring that each slice within the confines of the cube wee remapped into a perfect square. 

Cropping each resultant 3D matrix (stack of slic^) to only tiie volume enclosed by the cute produced two 

independent representations of the same volume from the two original orthogonal projection sets. Shifting 

corresponding voxel addresses from one matrix such that tiiey reference homologous volume elements in 

the other permitted merging of these independent data sets through simple averaging of corresponding 

slices. The resulting 3D matrices were then rendered using either linear averaging or nonlinear maximum- 

brightness ray-tracing schemes. TTie results were a series of conventional-appearing 2D projections that 

could be selected interactively or displayed in rapid sequence through a series of contiguous angles 

spanning a full 3&f. 

5 R^ulte 

Fig. 4 shows a series of repi^ntative projections produced using a maximum-brightness 

rendering scheme generated from the merged 3D data and from both unmerged 3D components. For these 

examples the underlying slice reconstnictions were the result of linearly deconvoluted back projections. 

They are arranged in such a way that each row shows the effect of a 90° rotation through an increment of 

45". The middle row illustrates the effect of merging the 3D matrices seen in the top and bottom rows 

produced from the AP and LAT orthogond data sets, respectively. Notice that the interslice correlations 

produced from the limited angular disparity associated with tomosynthetic sampling geometries create 

large streak acMmts. These are particularly evident when the 3D reconstructions are viewed at angles 

significantly greater (45° and 90°) than the maximum disparity of the source projections (30°) underlying 

5 



each of ihe separate orthogonally sampled matrices. Tlie superiority of the projections produced from the 

merged data (middle row) is obvious, especially when compared with Figs. 4(b) and 4(c) (top row) and 4(g) 

and 4(h) (bottom row). Notice also the significant artifactual streaking of the high-contrast structures 

caused by the linear back-projection reconstruction method even in 4(a) and 4(i), the unrotated, q)timal!y 

projected images, 

Tliese artifacts appear much less obvious in the comparable projections shown in Fig, 5. TTie only 

difference between these renderings and tho^ seen respectively in Fig. 4 is the use of the nonlinear 

minimization algoritlmi described above instead of iteratively deconvoluted linear back projections for the 

underlying 3D image reconstructions, Allhou^ these images contain fewer obscuring streak artifacts flian 

those seen in Fig, 4, by virtue of their intrinsic nonlinearity tiiey necessarOy introduce significant errors of 

omi^ion that may, or may not, interfere with image interpretation depending on the diagnostic task 

involved. Indeed, the nonlinear methods used to accomplish the merging process as demonstrated above 

necessarily reject most of the information produced from the 10 basis projections. 

The results displayed in Fig. 6 illustrate die opposite effect. Here, the reconstructions and 

renderings were accomplished using all linear methodology. This is to say that the merged reconstructions 

were derived from iteratively deconvoluted ba:k projections, and the resulting projections were rendered 

using averaging in lieu of the maximum brightness algorithm underlying the displays shown in Fig. 4. 

Notice the relative retention of fixed-pattern artifacts intrinsic to redundant projective sampling geometry in 

Fig. 6. For example, these blurring artifacts tend to obscure die calcified blood vessel and other diagnostic 

details in projections rotated significantly from the projection geometry underlying the original source 

projections, 

6 Discussion 

Irrespective of the choice of algorithms selected for 3D reconstruction and display, these results 

appear to be consistent with our hypothesis that artifacts produced by anisottopic sampling intrinsic to 

tomosynthetic projection geometries can be mitigated flirough redundant sampling made possible by 

integration of multiple data sets. Limiting redundant samples to muttially orthogonal projection geometries 

as demonstrated in this investigation also ^sures that the number of required projections for anisotropic 

sampling can be minimized. However, there is no theoretical restriction of this approach for minimizing 



null spaces that limite Ihe merging of 3D dato to those produced solely from orfliogonal projection 

geometric. Indeed, any sampling scheme that pennits independent estimates of a common 3D volume to 

be realized can be conceivably integrated into a more uniform and, hence, less distorted 3D representation. 

In this instance one can opt to use conventional linear reconstruction and rendering mediods that 

theoretically retain most of the information contained in the source projections but often obscure desired 

details with the intrinsic tomographic blur associated with correlated image sampling within a given 

projection series. Alternatively, one can employ one or more nonlinear processing options that necessarily 

reduce the relative amount of information retained with the intent that their use also excludes undesired 

information such as correlated blur produced from out-of-focus structures. As demonstrated in Fip. 4,5, 

and 6, either option can yield improved 3D image quality at extreme angles flirough the expedient of 

biorthogonal merging of independently sampled sets of projection data. 

The residual streaking of high-contrast structures from the merged data (middle rows of Fip. 4,5, 

and 6) is likely aggravated by the fact that the total angular disparity (30°) used to produce each component 

projection set does not encompass the entire range of projection angles (see Fig. 7). We are currently 

testing this hypothesis in another radiographic application by using a more uniform sampling strategy 

involving biorthogonal merpng, wherein the use of angular disparities approaching the required 90" is 

more easily accomplished. 

We also recognize that the simple merging technique demonstrated here most likely is not 

optimized for many, if not most, common mammographic ai^lications. We suspect, for example, that 

sophisticated strategies based on maximum likelihood criteria might be more appropriate for certain 

specific detection tasks. Again, we plan to explore such task-specific options more rigorously in the ftiture. 

7 CONCLUSIONS 

We have demonstrated that it is possible to combine 3D information, derived from two 

independent ordiogonally oriented sete of x-iay projections, into a single unified 3D image that can be 

visudized from any angle with fewer of the intrinsic correlation artifacts associated with conventional 

tomosynthetic reconstruction schemes. Moreover, the use of nonlinear methods for reconstruction and 

display of the resulting merged 3D information can produce sharp-appearing renderinp ftam a broad range 

of angles that appear to be all but clinically uninterpretoble when rendered by conventional back-projection 

7 



dgorithms. However, rational inteipretation of flie relatively blur-ftee nonlinearly processed images as 

demonstrated here is appropriate only for specific diagnostic taste that can be shown to be uninfluenced by 

the inevitable information losses associated with these filtering schemes. 
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FIGURE CAFnONS 

Fig.l Diagram showing distortion of 3D shape produced by cone-beam projection 

geometiy. 

Fig. 2 Diagram showing projection geometiy and detail of the bre^t specimen encased 

in a cube-shaped container with fiducial markers. 

Fig. 3 Two independent series of five x-ray projections of die breast specimen, one 

oriented predominantly anteroposteriorly showing a calcified blood vessel (left column), 

ahd the other oriented predominantly laterally showing multiple adjacent layers of breast 

tissue (right column). 

Fig. 4 Three series of linearly reconstructed (b^k-projected) images rendered widi a 

nonlinear (maximum-brightness) ray-tracing scheme shown at various angles comparing 

imag^ produced with and without biorthogonal merging. 

Fig. 5 Three series of nonlinearly reconstructed (minimized) images rendered with a 

nonlinear (maximum-brightness) ray-tracing scheme shown at various angles comparing 

images produced with and without biorthogonal merging. 

Fig. 6 Three series of linearly reconstructed (back-projected) images rendered with a 

linear (average) ray-tr«jing scheme shown at various angles comparing images produced 

with mid wifliout biorthogonal merging. 

Fig. 7 Diagram showing undersampled regions produced by die 30'' angle associated 

with the projection geometries underlying all of the 3D reconstructions in diis report. 
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Emission tuned aperture computed tomography (ETACT) has been previously shown to have the 
potential for the detection of small tumors (<1 cm) in scintimammography. However, the optimal 
approach to the application of ETACT in the clinic has yet to be determined. Therefore, we sought 
to determine the effect of the angular disparity between the ETACT projections on inwge quality 
through the use of a computer simulation. A small, spherical tumor of variable size (5, 7.5 or 10 
mm) was placed at the center of a hemispherical breast (15 cm diameter). The tumor to nontumor 
ratio was either 5:1 or 10:1. The detector was modeled to be a gamma camera fitted with a 
4-mm-diain pinhole collimator. The pinhole-to-detector and the pinhole-to-tumor distances were 25 
and 15 cm, respectively. A ray tracing technique was used to generate three sets of projections (10", 
15°, and 20", angular disparity). These data were blurred to a resolution consistent with the 4 mm 
pinhole. The TACT reconstruction method was used to reconstruct these three image sets. The 
tumor contrast and the axial spatial resolution was measured. Smaller angular disparity led to an 
improvement in image contrast but at a cost of degraded axial spatial resolution. The improvement 
in contrast is due to a slight improvement in the in-plane spatial resolution. Since improved contrast 
should lead to better tumor detectability, smaller angular disparity should be used. However, the 
difference in contrast between 10° and 15" was very slight and therefore a reasonable clinical 
choice for angular disparity is 15°. © 2002 American Association of Physicists in Medicine. 
[DOI: 10.1118/1.1500396] 

1, INTRODUCTION method developed for radiography by Webber et a/.* In 
n, „„, „, „„, „„„ „».„„„ *„ u„ „„ „„„«ii«„t „„„»«:„„ TACT, a series of projections is acquired at different viewing Mammography has been shown to be an excellent screenmg '                ^ ■'                 ^              ,    .             = 
tool for breast cancer. Although it has a high sensitivity, it »«>«« about the object of mterest. These projections can be 
has limited specificity.' In addition, the sensitivity of mam- acquired from any number of arbitrary viewmg angles. Sev- 
mopaphy is compromised for women with either dense ^ral fiducial markers are used to infer the projection geom- 
breasts, breast implants, or scarring from previous proce- etiy. These may be anatomical landmarks that are easily vis- 
dures. Scintimammography using ''"Tc labeled sestamibi »We on the projection images but are more commonly 
has demonstrated both high sensitivity and specificity external markers fixed to the object. The only requirements 
(93.7% and 87.8%, respectively) for tumors larger than 1.5 for a successfiil TACT acquisition is that the markers be 
cra.^ However, it provides only moderate sensitivity for tu- Axed to the object and that all of the markers be visible on 
mors less than 1 cm in diameter.' Patients who are diagnosed each of the acquired projection images. By localizing these 
with breast cancer at a localized stage experience a higher markere in the projection images, one can infer the projec- 
survival rate than those where the cancer has spread to dis- tion geometry. The nature of the TACT reconstruction tas 
tant sites.* Thus early detection is pivotal in the treatment of been described previously.* TACT has been shown to be use- 
breast cancer, fill in a variety of medical applications including dentistry 

Emission tuned aperture computed tomography (ETACT) and mammography. • 
is a three-dimensional (3D) approach to nuclear medicine In ETACT, the gamma camera is fitted with a pinhole 
imaging that has demonstrated the potential for detecting collimator and radioactive point sources attached to the ob- 
small tumore using scintimammography.^ ETACT is based ject are used as the fiducial markers. One configuration of 
upon the tuned aperture computed tomography® (TACT) markers that has been shown to work well is to have four 

1980     Med. Phys, 29 (9), September 2002              0094.2405/2002/29(9)/1980/4/$19.00 © 2002 Am. Assoc. Phys. Med.     1980 
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markere that are coplanar and to have a fifth marker that is 
removed from this plane. A series of projections are acquired 
about the object. The fiducial markers are identified in each 
projection image, and based on these locations, the ETACT 
data are reconstructed as a series of parallel slices. The spac- 
ing of these slices is arbitrary and can be selected at the time 
of reconstruction. In general, these slices are selected to be 
parallel to the plane containing the four coplanar markers. 
The pinhole collimator aids in the detection of small tumors 
by providing high spatial resolution and by minimizing the 
effect of radioactivity located in organs behind the breast, 
such as the heart or the liver. In a previous investigation, a 
computer simulation and a phantom study indicated that 
ETACT provided higher contrast than planar imaging and 
that the optimum pinhole diameter was 3-4 mm.* However, 
other aspects of the ETACT data acquisition, such as the 
optimum choice of projection angles, have yet to be defined. 

In some respects, ETACT is similar to the use of multi- 
pinhole      collimatore'"'^      and      rotating      slant-hole 
coUimators'^"" for tomography. In these instances, the 
choice of projections is fixed by the design of the collimator. 
In ETACT, the choice of projections is flexible and can be 
selected at the time of imaging. This can be based on knowl- 
edge of the object being imaged or on practical aspects such 
as accessibility to the patient. In addition, in ETACT, the 
original acquisition can be augmented with additional views 
if so desired. Multi-pinhole and rotating slant-hole coUima- 
tors were initially proposed for myocardial perftision imag- 
ing. Limited angle tomography is more suited for the detec- 
tion of hot features such as a tumor within the breast than it 
is for the assessment of cold features as in the case of myo- 
cardial imaging. For these reasons, ETACT holds more 
promise than these earlier investigations into limited angle 
tomography. 

In the previous ETACT study,* computer simulations 
were generated with seven projections of the breast: one cen- 
tral projection and the other six were evenly distributed in a 
hexagonal array 15" from the central projection. In this in- 
vestigation, we sought to determine the effect of using a 
different angular disparity than 15°. 

II. METHODS 

We performed a simulation study to determine the effect 
of angular disparity on ETACT reconstruction. The object 
was modeled as a spherical tumor of variable size (5, 7.5 or 
10 mm diameter) in the center of a hemispheric breast (15 
cm diameter). The tumor-to-nontumor ratio (i.e., the activity 
concentration in the tumor divided by the activity concentra- 
tion in the breast and denoted as "TNT") was modeled to be 
5:1 and 10:1. Five fiducial markere were placed to the lateral 
side of the breast. Four of the markers were coplanar and 
formed a 5X5 cm square. The fifth marker was out of this 
plane by 1 cm. This 3D object was represented as a series of 
40 parallel and equally spaced slices. Projections were gen- 
erated using a ray-tracing technique.'* We modeled the de- 
tector as a 50X50 cm square so that all projections, including 
the markers, were within the field of view. The pinhole-to- 

Fio. 1. TACT reconstructed slices through the simulated breast, (a) Slice 
through the four coplanar fiducial markers, (b) Slice through the simulated 
tumor, (c) Arbitrary slice through the breast. 

tumor distance and the pinhole-to-detector distances were 15 
and 25 cm, respectively. Three sets of images were gener- 
ated. In each set, the first projection was a straight lateral and 
the other six were acquired in a hexagonal pattern about the 
first, central projection. In the three image sets, the peripheral 
projections were 10", 15", and 20" from the central projec- 
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Contast vs Angular Dlspar% 

10 15 
Angle fdegrees) 

Fio. 2. Contrast vs angular disparity. Contrast of the simulated tumor is 
plotted against the angular disparity. Each curve represents a particular tu- 
mor configuration. For example, the curve denoted 7.5X10 represents fee 
results for the 7.5 nun tumor with a 10:1 tumor to nontumor background. 

tion, respectively. The resultant projections were blurred 
with a Gaussian kernel with a full width at half maximum 
(FWHM) of 4.52 mm, which is consistent with a 4 mm pin- 
hole diameter, 3.5 mm intrinsic resolution, and the above- 
mentioned imaging geometry. 

We reconstructed the data using the TACT software de- 
veloped by Horton and Webber (Verity Software Systems, 
Winston-Salem, NC). In each case, the straight lateral was 
used as the reference image so that all three reconstructions 
were oriented in the same way. We analyzed the three image 
sets in a similar maimer. The slice through the middle of the 
tumor was selected. A 16X16 pixel region of interest (ROI) 
was used to determine the counts over the tumor (TUM). 
Two similarly sized ROIs were placed adjacent to the tumor. 
The average of the counts in these two ROIs was considered 
background (BKG), The contrast (C) was estimated using the 
following formula: 

C== 
(TUM-BKG) 

The axial distance over which an object converges after 
TACT reconstruction is referred to as the axial spatial reso- 

TABLE L Axial spatial resolution vs angular dispari^. 

Angle (deg) Axial resoluti on—FWHM (mm) 

10 9.5 
15 5,9 
20 4.5 

lution. A 16X16 pixel ROI was placed over one of the four 
coplanar point markers. The average coimts in the ROI were 
noted as a function of slice number for the three angular 
disparities. We characterized the axial spatial resolution by 
using the FWHM of each resultant axial profile, 

III. RESULTS 

Figure 1 shows three of the ETACT reconstructed slices 
through the simulated breast: one through the plane contain- 
ing the four coplanar markers, one through the middle of the 
simulated tumor, and one arbitrary slice through the breast. 
These data are for the 15° angular disparity case with a 10 
mm tumor with 10:1 TNT. The excellent image quality asso- 
ciated with ETACT is demonstrated by the fact that the 
markers and the tumor are clearly resolved. 

The contrast as a fimction of angular disparity for all com- 
binations of tumor size and TNT is shown in Fig. 2. In gen- 
eral, it can be seen that the contrast decreases with increasing 
angular disparity. The loss in contrast is particularly noted 
for the 10 mm and 10:1 TNT ratio. In other cases, the con- 
trast changes are more subtle, Figtire 3 shows the axial count 
profiles for the three angular disparities. The axial spatial 
resolution as characterized by the FWHMs of these profiles 
is tabulated in Table I. These data indicate that the axial 
spatial resolution improves (that is, the FWHM decreases) 
with increasing angular disparity. Therefore, reducing the an- 
gular disparity leads to a slight improvement in image con- 
trast but at a cost in axial spatial resolution. 

FiQ. 3, Axial profiles curves. The axial profile, that is the plot of counts in a 
point source as a fimction of axial distance, is plotted for each angular 
disparity tested (10°, 15% and 20°), 

FIG. 4. Axial and in-plane spatial resolution vs anpilar disparity. Shown is 
how the amount of angular disparity affects the axial and in-plane spatial 
resolution. The diamond that superscribes the object defines ttie spatial reso- 
lution associated with ETACT. As the angular dispart^ is increased, the 
axial improves (the diamond is shorter), but the in-plane resolution worsens 
sli^tly (the diamond gets wider). 
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IV. DISCUSSION 

EXACT has previously demonstrated the potential for the 
detection of small tumors in scintimammography.* However, 
the optimal maimer in which to acquire clinical data has yet 
to be defined. In this investigation, we sought to determine 
the effect of angular disparity on image quality. Therefore, 
we evaluated its effect on image quality and axial spatial 
resolution. Reducing the angular disparity yielded an im- 
provement in contrast at the cost of a degradation in axial 
spatial resolution. These results would appear to be contra- 
dictory. In most tomographic cases, improving spatial reso- 
lution yields an improvement in contrast. In SPECT, limited 
axial spatial resolution would typically indicate a thicker 
slice profile such that the activity Msociated with the tumor 
would be diluted by portions of the slice that do not contain 
the tumor. In Fig. 4, two cases with different angular dispari- 
ties are illustrated. The small, round objects are noted as 
open circles. The angular disparity is noted by the distance 
between the two apertures at the top of Fig. 4, thus the con- 
figuration on the left has a smaller angular disparity than the 
one on the right. The spatial resolution is indicated by the 
diamonds that superscribe the two small, round objects. The 
vertical length of the diamond indicates the axial spatial 
resolution and the horizontal width indicates the in-plane 
spatial resolution. As can be seen, smaller angular disparity 
yields degraded axial spatial resolution (longer diamond) but 
better in-plane spatial resolution (thinner diamond) than does 
larger angular disparity. Therefore, the contrast degrades 
slightly with larger angular disparity due to a slight leducdon 
in in-plane spatial resolution, even though the axial spatial 
resolution is improved. 

For ETACT applied to scintimammography, the detection 
of small tumore is more important than the ability to localize 
the tumors axially. For this reason, the higher contrast asso- 
ciated with the smaller angular disparity would be consid- 
ered more desirable than improved axial spatial resolution. 
Thus, one should lean toward smaller angular disparity. On 
the other hand, there was only a marginal difference in con- 
trast between 10° and 15° angular disparity, and the improve- 
ment in axial spatial resolution was significant. Thus, an an- 
gular disparity of 15° is considered reasonable for this 
clinical application. 

In summary, ETACT has shown the potential for the de- 
tection of small tumors in scintimammography. Using a 
smaller angular disparity between the acquired projections in 
ETACT was shown to lead to an improvement in image con- 
trast but at a cost of degraded axial spatial resolution. The 
improvement in contrast is due to a slight improvement in 

the in-plane spatial resolution. Because improving the con- 
trast leads to a subsequent improvement in the signal-to- 
noise ratio and thereby tumor detectability, one should lean 
toward using a smaller angular disparity. On the other hand, 
the difference in contrast between 10° and 15" was very 
slight and thus a 15° angular disparity is considered reason- 
able for clinical applications. 
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Abstract 

A simple method has been developed that facilitates the production of spatially 

hortiologous three-dimensional (3D) reconstructions of radiographic data using Tuned- 

Aperture Computed Tomography® (TACT®). This is accomplished by acquiring the 

fiducial information essential for projection registration using a separate imaging device 

from that used for the data to be reconstructed. For example, an optical system rigidly 

attached to an x-ray source allows for direct inference of the underlying projection 

geometry associated with the x-ray beam and detector. This method does not require 

accurate knowledge of the position of the camera relative to the x-ray source in order to 

produce consistent, high-quality 3D reconstructions of the object. Correction for any 

scaling differences between the two modalities is also not required. We present the 

theoretical rationale for this approach as well as a preliminary phantom study. The 

mathematical treatment proves the validity of the approach and defines its geometric 

constraints, A tomographic phantom with external markings that were optically visible 

but radiolucent was imaged with a hybrid system that consisted of a digital camera rigidly 

mounted to a mammographic x-ray tube, Coiresponding optical and x-ray projection 

images were acquired at four different angles relative to the phantom. The locations of 

the fiducial markers determined from the optical images were superimposed onto the 

con-esponding radiographic images without prior calibration or scale coixection. The 

accuracy of the TACT reconstruction performed using these fiducial locations was shown 

to be excellent and limited, in this experiment, by the method used to determine the 

position coordinates of the fiducial markers. In conclusion, a relatively inexpensive 

digital camera can be mounted to a projection-based x-ray machine to generate high- 

quality 3D radiographic images without prior calibration. The power of this approach is 

that every radiographic system can be easily converted into a tomographic system by the 

addition of a simple, digital camera without any complicated cross-calibration schemes. 



1. Introduction 

Tuned-Aperture Computed Tomography® (TACT®) is a new three-dimensional 

(3D) imaging technology that allows a 3D data set to be generated from multiple two- 

dimensional (2D) radiographic projections. (Webber 1997) Whereas most other 

projection-based methods for generating 3D data require a stable or rigid projection 

scheme, these projections can be taken from completely random angles and positions. 

The fact that TACT can accommodate 2D images produced from random or even 

unknown projection angles is important because it greatly simplifies the reconsfruction 

process and produces accurate and precise 3D images having properties that can be 

custom tailored to a large variety of diagnostic uses. Such advantages are particulariy 

important for biomedical applications because inevitable patient motion and concerns for 

mitigating dose ultimately limit task-dependent sampling strategies. TACT has been 

successfully applied to a variety of medical imaging applications including dentistry, 

mammography and nuclear medicine, (Webber 1994, Webber 1997A, Webber 2000, 

Fahey 2001) 

However, these potential advantages come at the cost of inferring the underiying 

BD-projection geometry from fiduciary measurements obtainable from each 2D 

component projection. A minimum number of fiducial relationships must be obtained for 

3D reconstruction depending on the number of degrees of freedom underlying the 

sampling geometry used to produce the original projections. (Webber 1997B, Webber 

2001) This required informadon may be determined from the projected positions of a set 

of fiducial point markers strategically placed about the object and visible on all of the 

acquired projections. These markers may be intrinsic, anatomical details that can be 

recognized individually in each projection, but more commonly are extrinsic markers 

attached to the object near the region of diagnostic interest with high contrast and hence, 

are easily recognizable in each projection. We have shown previously that it is possible 

to reconstruct 3D images unequivocally from any spatially unconstrained series of 

individual projections provided each contains up to six appropriately distributed and 

individually recognizable reference points. (Webber 1997B, Webber 2001)  However, 

when these many points are extrinsically attached to the object, they may introduce 



significant problems with image interpretation. Since they must be identifiable on all 

projections, they may obscure certain regions of potential diagnostic interest on at least 

some of the projections. Conversely, if they overlie a region of signal density 

comparable to their own, it may be very difficult to localize them, thus precluding their 

required localization in all projections. 

This report describes a new approach that eliminates both of these basic 

shortcomings through hybrid imaging; that is, the use of two separate but spatially 

coupled imaging modalities, one for acquiring the tomographic data and the other for 

acquiring the fiducial information. For example, a conventional digital photographic 

camera can be coupled to a digital x-ray system in such a way that it photographs fiducial 

patterns that are highly visible but radiolucent and are fastened to the object near the 

region of diagnostic interest. Since the patterns are radiolucent, the difficulty in isolating 

the fiducial information from the radiograph is eliminated. The only information 

required from the resulting photographic images is the precise recording of the fiducial 

information. High-resolution photographic images of the fiducial patterns can be 

efficiently produced with very high signal-to-noise ratios. This greatly simplifies the 

challenge of developing software to automatically track and process projection 

information essential for accurate 3D reconstruction using the TACT algorithm. (Webber 

1994, Webber 1997B, Webber 1999) The image data must be acquired in a synchronized 

fashion such that each projection is represented by an image pair, one photographic and 

one radiographic. This constraint assures that the photographs of the fiducial patterns can 

be appropriately converted into the information required to reconstruct the underlying 

radiographic projections into a unified 3D x-ray image. Beyond a few other geometric 

constraints that will be specified, no calibration need be performed to generate a 

consistent 3D x-ray image. The exact geometric relationship between the two imaging 

modalities need not be known and no coiTcction need be applied for the difference in 

scaling between the two systems.   We present a mathematical treatment in the next 

section that discusses the geometric rationale underlying this scheme defining the 

geometric constraints necessary to lead to the reconstruction of a consistent data set. This 

is followed by a preliminary phantom experiment that demonstrates the feasibility of the 

concept. 



2. Theoretical Rationale 

In tliis section we provide a mathematical foundation for our experimental work. 

We begin by introducing the notation and terminology that allows a precise statement of 

the reconstrucdon problem. An important first step is to define what it means to obtain a 

usable back-projection scheme based upon the camera's point-of-view rather than the x- 

ray source's point-of-view. We then present a general theorem describing how the set of 

camera positions must be related to the corresponding set of source positions in order to 

achieve a usable back-projection scheme. We illustrate the theorem with several 

examples, one of which con-esponds to the projection geometry assumed during our 

phantom study. Finally, it is reasonable to expect that our reconstruction will distort some 

aspects of the original object. We provide a detailed discussion that shows that this 

distortion is not serious. In fact, horizontal slices of the original object transform to 

horizontal slices of the reconstructed object, and the transformation between these slices 

involves only a rescaling and a shift. Hence all features in a reconstructed slice are 

similar to those in the corresponding original slice and important features in the original 

object will still be easily recognizable in the reconstruction. 

2.1 Definitions 

Assume that n x-ray images are created. To back-project each image in the 

standard way we must discover the relative positions of the x-ray source, the object, and 

the image plane for each image. In all that follows we assume that the image plane is the 

x-y plane in standard Euclidean space, 9f, and that all measurements are made 

relative to this frame of reference. Further, by previous work we know that we can 

assume, without loss of generality, that the patient maintains a fixed posidon relative to 

the image plane as the images are created. Webber et al. described how images created 

with uncoupled image plane, patient and source can be transformed to this simpler case. 

(Webber 1997A) 



Let P := {p,, p,,.:, p„} represent the positions, in S\^, of the x-ray source during 

the creation of the n images. The corresponding set of camera positions is represented by 

P''=ipUP2^"^Pn} ■ Given an arbitrary point, x, in the object, we will refer to the 

associated image points, that is the projection of x by (p,. p2,...,Pn), as {»,,H,,...,H^_ }. Of 

course, each u^ is simply the intersection of the line 'p~x with the x- y plane, and it is 

clear that the lines p^u^, pjM^,..., p^u^ are concurrent at the point x. This configuration is 

shown in Figure 1. Our alternative back-projection scheme must correlate the image data 

in a similar way with p.' substituted for p,. This motivates the following definition. 

Definition: P' provides a usable back-projection scheme relative to F if and only if, 

given any point, .v, and its associated image points, {«,,«,,...,liJ, then the lines 

p,«,, pjU,,.,., p'ji^^ are concuirent at a point x . 

The central theoretical problem can now be stated as: Give« a set of source 

points, P, find a geometric characterization of the associated set of camera points. P', 

such that P' provides a usable back-projection scheme relative to P. 

In order to state the upcoming theorems in their broadest sense we must allow the 

concept that parallel lines meet at a point at infinity, and thus any two coplanar lines must 

mtersect. This approach is common in projective geometry and allows a more unified 

presentation of ideas. We will see in later discussion that this does more than simply 

allow an interesting abstraction. In fact, the primary practical applications of our 

theoretical statements, including our experimental data, involve exactly these geometric 

situations. 

Tiieorem: P' provides a usable back-projection scheme relative to P if and only if P 

and P' are perspective with respect to the image plane, i.e. if and only if given any 

l<i<j<n the corresponding lines p.p. and p'.p'. intersect at a point on the image 

plane. 



The proof of this theorem is included in the appendix. Two corollaries follow quickly 

from this theorem. The first gives an additional criterion for visualizing the sets P and 

P', and the second verifies that an appropriate geometry was used during our data 

collection. 

Corollary 1: If P' provides a usable back-projection scheme relative to P, then P and 

P' are perspective with respect to a point, i.e. the lines 'p^[,T~p,,..., Jj„ intersect at a 

point q. 

Remark: It is important to notice that it is necessary, but not sufficient, that the set of 

source points and the set of camera points be perspective with respect to a point. 

Corollary 2: If P and P' describe similar polygons with parallel edges where both 

polygons are horizontal with respect to the image plane, then P' provides a usable back- 

projection scheme relative to P. 

Remark: If the corresponding edges of the two polygons are parallel, then it immediately 

follows that the polygons are similar. 

2.2 Evaluating Distortion in the Reconstruction 

In this section we assume that P' provides a usable back projection scheme 

relative to P, and we investigate the relationship between the original object, which 

would ideally be located via the back-projection associated with P, and the 

reconstruction using the back-projection scheme associated with P'. We will see that a 

horizontal slice of the original object must con-espond to a horizontal shce of the 

reconstructed object, although possibly at a different height. Moreover, the 

transformation from tlie actual slice to the reconstructed slice will include only a 

rescaling and a shift, i.e. a similarity. Thus objects in an actual slice will be transformed 

to similar objects in the reconstructed slice, and will be cleariy recognizable. The 

following theorem provides the details for both of the above siaiemenls. 



Theorem: Suppose that P' provides a usable back projection scheme relative to P, and 

that X = ix,y,z) and x*= (x'.y'.z') are con-esponding points in the original object and its 

reconstruction, respectively. Then there are constants kji, and If , which depend only 

on  P' and P, such that ——; = k- . (Typically, h and /?' will represent the heights 
h-z'      h-z 

of selected points in P' and P.) Moreover, there is a shift vector, s, and a scaling factor, 

A, which depend only on P', P, z,md z', such that x'= Ax + s. 

The proof of this theorem is included in the appendix. This relationship simplifies 

considerably when we consider special cases. For example, if P and P' represent 

parallel congruent polygons in a horizontal plane at height h, as in our data collection, 

then we deduce that z = z' and x' = x+—{p'^ -Pi)- 

2.3 Assuming an Affine Projection Geometry 

In many applicadons it is reasonable to assume that the x-rays passing through the 

object are parallel. This affine geometry makes sense, for example, when the source-to- 

image distance is large relative to the object-to-image distance. Assuming an affine 

geometry introduces several significant simplifications. First, at most four fiducial 

reference points are needed to process the image data even when the source, the object, 

and the image detector are completely uncoupled. When the patient and the image plane 

are rigidly attached, then only one reference point is needed. 

All of the results in the previous sections can be adapted to this simpler situation^ We 

state these adapted results without proof. Note that the sets P and P' now represent 

points at infinity, or they can be represented as sets of direction vectors p = (p^,p,,h). 

The constant height It is arbitrary, but h = i is a convenient. 



Theorem: P' provides a usable back-projection scheme relative to P if and only if P 

and P' are similar polygons with parallel corresponding edges. 

For this situation the TACT algorithm is at its simplest. The image of a single fiducial 

reference point, .v, will be a set {/ = {«, ,...,u,^), which must describe a polygon similar to 

both P and P'. To perfoim the reconstruction of a slice let c represent any point in the 

plane, shift all of the images by proportional amounts towards c, and then average the 

results. Notice that if the set U , and its center of gravity are shifted by any amount in the 

image plane, then the reconstruction algorithm will still work since the shifted U simply 

represents the image of a horizontally shifted fiducial reference point. The slices of the 

first reconstruction will exactly coirespond to slices of the second reconstruction as long 

as the shifts towards the arbitrarily chosen point are proportional. Similarly, if we shrink 

or stretch U to create a similar polygon, then the reconstruction will still be valid, since 

the rescaled U now represents the image of a fiducial reference at a different height. 

Moreover, the original reconstruction slices and the new reconstruction slices will be 

identical as long as the shifts towards c are equal. 

3. Methods 

We performed a simple phantom experiment to demonstrate the feasibility of the 

technique and to illustrate how this approach may be applied in a simulated, clinical 

setting. A tomographic phantom was fixed to the imaging plane. This phantom consists 

of 12 radiopaque, numeric characters (integers) imbedded in plastic at different heights. 

Each number is 1 mm thick and the center-to-center spacing between the numbers is 

approximately 1 mm. The x-ray source was constrained to move in an arc above the 

image plane, and a photographic, digital camera (Sony Cyber-Shot DSC-Pl) was rigidly 

attached to the x-ray source from a digital mammographic device (Instrumentarium 

Alpha IQ Delta 16) such that the vector representing the displacement difference between 

the x-ray source and the camera remained fixed. A photograph as well as a schematic 



illustrating this configuration are shown in Figure 2. The level of the lens of the digital 

camera was adjusted so that its vertical distance from the x-ray detector was 60 cm and 

was within a centimeter of being the same as the focal spot of the x-ray tube. It was 

approximately 40 cm from the top of the phantom to the x-ray focal spot. The distance 

between the x-ray focal spot and the lens of the digital camera was unknown. The 

camera was oriented so that the complete region of interest on the x-ray table could be 

photographed without obstruction by the collimating apparatus attached to the x-ray tube. 

A photograph of the phantom is shown in Figure 3A. A piece of paper with 4 markers 

drawn on it was fixed to the top of the phantom such that these markers were coplanar to 

the imaging plane. Two additional visible markers were placed 7.5 cm above the 

phantom. Only one of these markers was used in the TACT reconstruction process, the 

other intended for future investigations. 

The projection geometry requires that the angle assumed by the photographic 

camera relative to the object be unchanged from one projection to the next. The phantom 

was imaged from multiple angles using a digital, mammographic unit. This constraint is 

clearly not met when the camera is fastened rigidly to a tilting tube head as shown in 

Figure 2.   One solution to this problem would be to "level" the camera physically 

between projections. However, the same can be realized analytically by means of a 

projective transfomiation of the resultant photographs. We chose this alternative because 

of its advantages for simple adaptation to existing x-rpy equipment. This projective 

correction entailed mapping the four coplanar markers seen on all the photographs of the 

phantom into those positions that were seen by the camera at some reference position. 

This reference position was chosen to be when the camera was directly above the 

phantom. This con-ection was accomplished prior to determining the relative 

displacements of a fifth marker located above the phantom that was used by the TACT 

reconstruction algorithm for establishing respective tomosynthetic shifts required for 

proper back-projection. It should also be noted that the x-ray source moved in an arc and 

thus was not always constrained to the same plane as prescribed by the theory. However, 

in this experiment, the source traveled on 15° from vertical and the potential amount of 

distortion introduced was predicted to be a small fraction of a millimeter, and thus 

considered to be inconsequential from a practical sense. 
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No attempt was made to directly measure the projection geometry of the system. 

All of the required 3D information was inferred from the associated photographic images 

of the fiducial markers as seen by the digital camera. These images were paired with 

projection radiographs produced at 4 arbitrarily selected angles measured parallel to the 

constrained linear motion of the x-ray source and perpendicular to imaging plane: -15°, - 

10%-5% 0°  A representative photograph/radiograph pair is shown in Figures 3, after 

selective cropping to restrict their extents to the region of interest. The location of one of 

the fiducial markers was noted on each of the 4 photographic images. These locations 

were transferred to the corresponding radiographic images without correcting for the 

difference in scale between the two sets of images. The data were reconstructed using the 

TACT method with these marker locations to determine the appropriate amount to shift 

each projection prior to addition. In other words, the radiographic projection data were 

back-projected using the transferred photographic marker locations and no information 

inherent to the radiographs themselves. The resulting 3D reconstructions (tomographic 

slices) were checked for registration precision and inter-slice linearity. By noting the 

observed distances between optimally converged reconstructions of the sequentially 

distributed radiopaque integers in the phantom and comparing them with the known 

spacing allowed us to check the inter-slice linearity of the reconstructions. 

4. Results 

Figure 4 shows a selection of back-projected slices through the phantom using 

reconstruction parameters determined exclusively from the photographic images. The fact 

that the integers ("1" in Figure 4A) appear to be in proper focus when a fixed inter-slice 

distance was selected for reconstruction assures that the observed distance between the 

integers is proportional to the actual fixed distance built into the phantom.   Note also the 

high degree of spatial convergence associated with the reconstructed planes containincr 

each individual test integer. This demonstrates that the locations required by the TACT 

reconstruction algorithm can be appropriately inferred from the photographic data. An 

n more stringent demonstration of the registration accuracy resulting from this hybrid eve 
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method is shown in Figure 4B. In this figure, isolated particulate debris located on the 

surface of the tomographic phantom is clearly imaged. The clarity of the reconstruction 

of these tiny particles demonstrates a level of precision that approaches the resolution 

limit of the interactive system we used to visually identify the respective positions of the 

fiducial markers. 

No information inherent to the series of radiographs was incorporated into the 

reconstruction process. Only information from the con-esponding photographic images 

was used. These data clearly demonstrate that the TACT algorithm can use information 

derived from a second (radiolucent) modality to produce linearly 3D reconstructions from 

radiographic projections. No cross-calibration between the modalities or correction for 

scale differences was necessary to generate a completely consistent, tightly converged, 

and linearly distributed set of reconstructed slices. In addition, it was not necessary to 

know the distance between the focal spot of the x-ray tube and the lens of the digital 

camera. In this experiment the only required geometric constraints were that the digital 

camera be fixed to the x-ray tube such that the displacement vector between the two is 

constant, the optical markers be fixed to the phantom, and the phantom be fixed to the x- 

ray detector. 

5. Discussion 

We have demonstrated the potential for using hybrid imaging information to 

produce high quality, spatially homologous TACT reconstructions. This greatly 

simplifies the data acquisition process for TACT. Any radiographic system can be 

converted into a tomographic device by simply mounting a digital camera to the system 

and applying some visible external markers to the object. The reconstruction software is 

simple and can be easily implemented on a standard personal computer. This approach is 

not only simple but it eliminates the ambiguity that is sometimes introduced into the 

TACT reconstruction process by the overlying of radiopaque markers onto features of 

diagnostic interest. The radiopaque markers previously necessary for TACT are now 
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replaced with markers that need only be visible when viewed in digital photographs 

acquired simultaneously to the radiographic projections. This simplification of the TACT 

method substantially widens the range of clinical applications to which it can potentially 

be applied. 

Our mathematical treatment indicates that fiducial data acquired from an offset 

system can be appropriately applied during the back-projection process without specific 

knowledge as to the geometric relationship between these two devices. Therefore, no 

cross-calibration to describe either the geometric relationship or scaling differences 

between the two systems is required. Although these data are reconstructed consistently 

without cross-calibration or scale con-ection, it is not possible to determine the absolute 

location of a particular slice. As noted in the mathematical treatment, even if the data are 

scaled correctly, the back-projection will be consistent but will not coixespond to the 

same back-projected point in the photographic image set and may even be in a different 

parallel plane. Although we attempted to keep the lens of the digital camera in the same 

plane as the x-ray focal spot, if we did not succeed, then we will be reconstructing 

slighdy different planes. 

In addition, if we do not correct for scale differences between the two data sets, 

the set of projected marker locations will define polygons that are similar but of different 

sizes. This will also lead to the reconstruction of different planes. In conventional 

TACT, adding the projection data without shifdng reconstructs the image plane. Shifting 

the data such that the locations of the fiducial markers align, leads to the reconstrucdon of 

the plane that contains the fiducial marker and is parallel to the image plane. Shifdng the 

projection data a set fraction of the amount necessary to align the projections of the 

fiducial marker, reconstructs a plane that is parallel to the image plane and is that fraction 

of the distance between the image plane and plane containing the fiducial marker. For 

example, shifting 1/3 of the distance will reconstruct the plane that is parallel to the 

image plane and is 1/3 of the distance between the image plane and the fiducial marker. 

If the polygon resulting from the marker projections in the photographic data is similar 

but smaller than that for the radiographic data, then the data will also be shifted a set 

fraction of the distance necessary for the reconstruction of a particular plane in the 
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radiographic data set. Therefore, the resultant reconstructed plane will be parallel to this 

plane but will be closer to the image plane. 

In many clinical applications where tomography may be applied, the highly 

consistent 3D reconstructions provided by this approach are more than adequate and 

absolute knowledge of the exact location of a particular slice typically is not necessary. 

For example, tomography may allow the breast imaging specialist to deteimine that the 

microcalcifications seen on the 3D mammogram align along a blood vessel and thereby 

aid in the diagnosis whereas the exact distance those microcalcifications lie above the 

image plane may not be particularly useful. Therefore, 3D radiographic data of clinical 

import can be obtained using the approach described without any cross-calibration or 

scale correction between the photographic and radiographic systems. However, we are 

cuirently investigating the use of a simple calibration scheme that will allow accurate 

localization of the reconstructed slices as well as correcting for the fact that the acquired 

projections are not affine as is inherently assumed in the reconstruction process. 

In conclusion, we have developed a simple scheme that uses a hybrid imaging 

system consisting of digital photography and radiographic systems to acquire the fiducial 

information and projection data, respectively. We have presented a mathematical 

treatment that indicates that highly consistent reconstructions can be generated from these 

data without any cross-calibration or scale corrections between the two systems. There 

are some simple geometric constraints presented in this treatment that can be easily 

implemented in a clinical environment. We presented the results of a preliminary 

phantom experiment that demonstrated the feasibility of the approach and how it may be 

applied in a clinical environment. This approach to TACT provides an extremely simple 

method of 3D radiographic such that any radiographic unit could be easily converted into 

a tomographic device. 
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6. Appendix 

TheorenK P' provides a usable back-projection scheme relative to P if and only if P 

and P' are perspective with respect to the image plane, i.e. if and only if given any 

1 < f < j < n the corresponding lines p^p. and p'.p'j intersect at a point on the image 

plane. 

Proof: Suppose that P' provides a usable back-projection scheme relative to F. Let 

l<i< j<n.Le.i x and x represent an arbitrary point and its back-projection, as 

described above. Since the lines p.u^ and p.u^ intersect at the point x, then the points 

p.,Pj,u.,Uj must be coplanar, and similarly for the points pi'.pj'.ui.uj. These two planes 

intersect along the line u^Uj. Since they are coplanar the lines p,/?^. and u^u^ will meet 

at some point c in the x-y plane, and similarly the lines p\p'^ and u^u ■ will meet at 

some point c'. Notice that c and c' are independent of the choice of x, since they are 

detenmined by the intersections of the lines p-pj and p'.p'j with the image plane. 

However, u^Uj contains both c and c', and since this line changes as x changes, it must 

be that c = c'and that the lines u-Uj pivot around c as x changes. Hence, the lines 

PiPj and p'ip'j intersect at a common point on the image plane. 

Conversely, if the line p.pj meets the line p'.p'j at a point c in the image plane, 

then the projections of any A- onto points H,.,M^. willimply that the points p'.,p'.,u.,u. lie 

in the plane spanned by the lines u.ii. and p .p. . Thus the lines p'^u. and p jii^ are in 

a common plane and must meet at a point ,\'. This argument works for all pairings with 

1 < / < J < /I, so all such lines are concurrent in pairs. It follows that p'^it^, p'^iu,..., p',u„ 

are all concun'ent at the point A'. 

Q.E.D. 
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Theorem: Suppose that P' provides a usable back projection scheme relative to P, and 

that X = {x,y,z) and x'= {x\y\z') are corresponding points in the original object and its 

reconstruction, respectively. Then there are constants kji, and /a', which depend only 

on P' and P, such that -^ = k-—-. (Typically, h and h' will represent the heights 

of selected points in P' and P.) Moreover, there is a shift vector, 5, and a scaling factor, 

X, which depend only on  P', P, z,md z', such that x = Ax + s. 

irces Proof: First consider the point x = (x, y, z) in the original object, which the sour 

Pi and p, project onto the points M, and «,. Without loss of generality, p, lies on or 

above the horizontal plane containing p^. For the purposes of this discussion we assume 

that it is strictly higher because this represents the more difficult case. Let p^ represent 

the intersection of the line p^u^ with the horizontal plane containing p,, and let h 

represent the height of this plane. Then a simple application of similar triangles shows 

that 

1*2 -u^\ 

m-PiW  h-z 
and rr-^—- 

\\P2-P1 

Pl3   where /?,, represents the third component of 
h-Pn 

p,. These formulae combine to give —^ = E^—"'"   ^'^ 
h-z     |i<, -c|| h~p^y 

A similar fomula holds for the height of the reconstructed point x'and we deduce the 

relationship = 
h-z 

P'n h-Pi3 
Pa h'-p{^ 

 . This describes a 1-1 coiTespondence between 
h-z 

z and t', and the expression in brackets depends only on the properties of P and P'. 

In the case that p, and p, are at the same height, our theorem implies that p,'and p,' 

describe a segment that is parallel to p^p,, but possibly at a different height. The 
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intersection point, c, is now at infinity, so the previous derivation is no longer valid, but 

a straightforward similar triangles argument yields ——; = 
h'-z 

Pi-Pi 

P\-P\ h-z 

Now hold z and z constant and focus on the transformation of one horizontal slice to 

another. To describe this transformation we only need to follow the line from p^ through 

an arbitrary point x in the plane at height z , find the coordinates of its image point ii, 

and then follow the line up^ until it crosses the plane at the height z. A precise formula 

for this transformation is x' = 
f I' h'-z'Y   h 

h'    I h 

r 1' 

i-z 
h-z 

h'-z 

f ■^'\ 
P2 + 

v"'y 
P2, and we 

have verified the existence of an s  and a /I with the desired properties. 

QED 
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Figure Captions 

Figure 1. Geometric Configuration. Consider 3 x-ray source points P := pl,p2,p3 and an 

arbitrary source point within the object, x. Also note 3 camera position, P' :=pr,p2',p3', 

that correspond to P.  The projection of x onto the image plane by the x-ray source points 

yields U := u 1 ,u2,u3. If we back-project from U to 3 camera positions, P', and they all 

pass through a common point x', this is considered to be a usable back-projection 

scheme. 

Figure 2. Photograph and Schematic of Experimental Configuration.  The tomographic 

phantom is placed flat upon the digital detector. The source to detector distance is 60 cm. 

The digital camera is rigidly mounted to the x-ray tube and is placed at a slight angle 

such that the entire phantom with fiducial markers can be imaged in each projection. 

Figure 3. Hybrid Image Pair. A. The photograph of the phantom with markers. A piece 

of paper with 4 markers was placed on the top surface of the phantom such that these are 

coplanar and parallel to the imaging plane. These coplanar markers were used to apply a 

projective transformation to the photographic data to correct for the fact that they were 

acquired at varying, slight angles relative to the image plane. Two additional markers are 

placed 7.5 cm above the phantom. One of these two was used during the TACT 

reconstruction process. B. Coiresponding radiograph. The markers in A are totally 

radiolucent, and thus are not visible on the radiograph. Each radiopaque number is 

located on a different height above the imaging plane. The center-to-center distance 

between the letters is approximately 1 mm. 

Figure 4. Selected Reconstructed Images. A. The plane though integer "1."   B. The 

plane through the flat surface of the phantom showing highly resolved paniculate debris 

indicating the quality the resultant reconstruction. 
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Abstract: 

This paper describes a unique system for coiBtructing a three-dimensional vol- 

ume from a set of two-dimensional (2D) x-ray projection images based on optical 

aperture theory. This proprietary system known as TVmed-Aperture Computed 

Tomography (TACT) is novel in that only a small number of projections acquired 

from arbitrary or task-specific projection angles is required for the reconstruc- 

tion process. We used TACT to reconstruct a simulated phantom from seven 2D 

projections made with the x-ray source positioned within 30 degrees of perpen- 

dicular to a detector array. The distance from the x-ray source was also varied 

to change the amdunt of perspective distortion in each projection. Finally, we 

determined the recoi^truction accuracy of TACT and compared it to that of a 

conventional tomosynthesis system. We found the reconstructed volumetric data 

sets computed with TACT to be geometrically accurate and contain significantly 

less visible blurring than a similar data set computed with the control technique. 

Keywords: tomosynthesis, tuned-aperture computed tomography, TACT, limited angle 

tomography, cone beam. 



1    Introduction 

IHined-Aperture Computed Tomography (TACT)[1] is a task specific three-dimensional (3D) 

imaging and reconstruction technique, TACT reconstructs a 3D volume from a set of two- 

dimensional (2D) x-ray projection images. The difference between TACT and other trans- 

mission radiographic systems is that the 2D images vsed in the reconstruction process are 

acquired without geometrical constraints. Specifically, the relationship between the x-ray 

source, object, and detector array is not fixed as in conventional computed tomography (CT), 

C-arm, tomosynthesis, and cone-beam systems. Geometry-free imaging holds the promise of 

generating accurate 3D volumetric image sets in a variety of situations that currently use 

2D x-ray projection images. 

TACT is a generalization of tomosynthesis, which refers to a variety simple reconstruction 

techniques that compute a 3D volumetric image representation from multiple 2D projections 

of an object [2, 3, 4, 5, 6, 7]. A renewed interest in tomosynthesis for medical and other 

apphcatioiK, such as non-destructive testing has been spurred in recent years by the advent 

of 2D solid-state digital imagers. 

TACT and tomosynthesis are distinct from CT in that tomosynthetic volumes can be 

reconstructed from a small number of projections (typically fewer than 20) and the projection 

angles are restricted (usually tes than 30 degrees from perpendicular), leading to a finite 

imaging aperture. In CT, volume images are reconstructed from many projections (typically 

greater than 1000) and the projection angle is 90 degrees, leading to an infinite imaging 

aperture. The imaging aperture for these different systems is shown schematically in Figure 

1. 

Reconstructions arMng from data sampled from finite imaging apertures as exemplified in 

Figure 1 by TACT and circular tomosynthesis, necessarily produce undersampled volume 



representations. When reconstruction methods based on continuous geometric approxima- 

tions are applied to such restricted data sets, they tend to produce significant inaccuracies. 

More specifically, reconstructions based on the Radon transformation usually are unusable 

because the resulting anisotropic projection samples associated with finite apertures usu- 

ally lead to a poor approximation of the transformation integral. Fourier-transform based 

reconstruction methods also fail when an insufficient number of frequency-domain samples 

is acquired[8]. 

Because reconstruction methods b^ed on isotropic approximatioi^ are not applicable to 

tomosynthesis and TACT, other methods characterized by varying amoxmts of spatial cross- 

correlation are employed. These reconstruction techniques use some form of the backprojec- 

tion algorithm to approximate the imaged volume. The basic idea is to smear each projection 

through the reconstructed volume along the same path from which the respective projection 

was acquired. Therefore, the projection imaging geometry must be known prior to recon- 

struction for the backprojection to accurately reconstruct a volume [9,10]. In tomosynthesis 

this imaging geometry is fixed and known prior to exposure, whereas in TACT the imaging 

geometry may not be fixed and/or may be unknown prior to exposure. To overcome the 

unknown and non-fixed imaging geometry reconstruction requirement, TACT incorporates 

a set of up to six fiducial markers that are purposely made visible in each projection image. 

These fiducials are used to compute the imaging geometry [11] for each projection. Once 

the imaging geometry is known, an extension of the standard tomosynthesis reconstruction 

method can be employed. 

This paper presents a mathematical foundation for computing the unknown imaging ge- 

ometry in the general case (no orientation or location restrictions other than complete rep- 

resentation by a perspective projection matrix). It incorporates a geometric interpretation 

of this matrix formulation, an implementation, and test results. Additionally, we compare 



the tomosynthetic volume generated with TACT to a volume generated with a conventional 

tomosynthesis reconstruction method ming the same set of 2D projection images. The ge- 

ometric accuracy of the TACT system is verified experimentally on a simulated phantom. 

Finally, visually obvious differences in the 3D image of the phantom produced using TACT 

are noted relative to a control image generated tomosynthetically. Basic theories for deter- 

mining any projection-based imaging geometry from multiple fiducial points are presented 

in [12, 13]. The underlying derivations are restated here in a more restricted context de- 

signed to make the derivations more tractable and obvious to those desiring to implement 

the equations in radiographic applications. Furthermore, we derive an explicit backprojec- 

tion equation that is related to the forward projection while [12] presents several methods 

to compute only the geometry, 

2    Methods 

In this most general implementation of TACT we acquire a set of projection images of an ob- 

ject configured with six fiducial markers that have a fixed and known geometric relationship 

to each other. The locations of the fiducials in each projection image are then determined. 

These locations and their corr^pondence to the fiducials on the object are used to compute 

the elements of a perspective projection matrix for each projection, which represents the un- 

known imaging geometry. The perspective projection matrix then is used in a backprojection 

scheme wherein a set of 2D focal planes through the imaged volume is computed. Finally, 

the backprojected voliunes of each projection are combined to form a single 3D volume. 

In this section we describe the algorithm for determining the perspective projection matrix 

representing the unknown imaging geometry and how this matrix is used in a backprojec- 

tion scheme. We assume the fiducial locations in each projection image are known and the 

correspondence between fiducials on the object and projected image are also known. 



In a perspective projection situation, the imaged object is positioned between the detector 

and the x-ray source. The x-ray source is positioned sufficiently far enough above the object 

so beams pass through the object including the fiducial markers and intersect the detector. 

The source te also positioned sufficiently close to the object so that perspective distortion is 

significant in each projection image. Figure 2 shows the perspective projection geometry for 

a simple configuration of fiducials corresponding to six of the eight corners of a unit cube. 

To reconstruct a volume from projectioiB with perspective distortion, we must determine 

the location of the x-ray source. Let P = (P^^Py^Pz) be the unknown location of the x- 

ray source, X'^ = {x^, y^, z^) be the unknown locations of the fiducials, and Ui — («», Vi) be 

the known (measured) location of the fiducials projected onto the detector. We can write 

an equation relating the fiducials, projected points, and source location, also known as a 

forward projection, in parametric form as: 

iji=p+t(x'i-py 

Rewriting this equation in terms of the individual components of the vectors, 

Ui = P^ + t(4-P^),   Vi = Py + t{yl-Py),   0 = P, + t{zl-P,) (1) 

where we have assumed, without loss of generality, that the detector array lies on the z = 0 

plane. Solving these equations for t, we find 

t=     ^^ 
Pz-Z'i 

In this equation P^ corresponds to the z-component of the x-ray source, which must not be 

zero or equal to ^. Physically, this means the x-ray source cannot lie on the plane of the 

detector or at the same value of z^ as any of the fiducials. Substituting this value of t into 

equation 1 and after some algebraic manipulation, we get 

(P£i-PjA fP,yl-Pyz'i\ 



The division by Pz—z\ mak^ these equations non-Knear making it difficult to find a solution. 

Fortunately, we can make these equations linear by representing the quantities in a projective 

space, also known as homogeneous coordinates. In a projective space formulation, 

Ui = 

I    \ 
Ui 

Vi 

U j 
x: 

( '\ 

Vi 
1 

I w 

and A = P, — z,. 

Then, 

' Pj.-Pj,"' 

XUi = PXi P.Vi - Pyh 

\   Pz-4 
where P is the forward perspective projection matrix and 

^ P,    0    -P,    0 ^ 

(3) 

P = 0 P,        -Py 0 

0     0 ■1 p. 

With TACT, the x-ray source, object, and detector can be arbitrarily positioned when 

making a new perspective projection. We can simplify the analysis by noting that moving 

the object and source relative to a fixed detector can generate any projection. In this case, 

after applying a rigid body transformation to the object and fiducials in the projective space, 

we get. 

Xi = 
^ R   f ^ 

0^   1 
Xi — ixJii 

where R is a 3 x 3 orthonormal rotation matrix, T is a 3 x 1 tramlation vector and 0 is 

a 3 X 1 null vector. Substituting this representation of X'^ into the perspective projection 

equation (3) we get. 



XUi = PRXi = AXi, 

where A is a 3 x 4 forward perspective projection matrix, 

flu   ai2   ois   ai4 

A = 021    0-11    ^23    ^24 

OSI    ^32    ^33    O34 

A back projection formula can be derived by expanding the above equation, separating 

terms, and regrouping. We get. 

/ 

B -1 (0332 +1) 

\ 

« 

V } 
— z 

(       \\ 
o-xz 

023 

where 

B:= 
Oil — 031«    0.11 -^ a32M 

021 — ttaiv   022 — 032^  , 

Using this equation we can compute all points on a focal plane for a given height {z value) 

of the plane. Furthermore, the inctoion of the forward projection terms insure the backpro- 

jection is performed with the same perspective geometry used to create the projection. 

These equations are indirectly implemented in TACT, which is described in the following 

geometric algorithm. 

1. Construct a fiducial model consisting of four coplanar but not coUinear points. Fre- 

quently, it is convenient for these points to be arranged as square. The plane containing 

these four points is parallel to the detector array in what we call the canonical config- 

uration. Next, two more model points are added such that they are not in the plane 

containing the the four model points in the canonical configuration. These additional 



two points are constrained such that they determine a hne that is parallel to the plane 

containing the square cited above. The model can be rigidly moved from its canonical 

configuration as long as the fiducial points project onto the detector array and that 

the projections of the top two points do not coincide. 

2, Create as many projectioiB as desired, where each projection results from reorienting 

the model 

3. For each projection 

(a) Identify the projections of the four fiducials that Me on a plane parallel to the 

detector array when the model is in its canonical configuration. 

(b) Determine the components of a 2D warping transformation that maps the four 

projected points into the location of the corresponding points in the model in its 

canonical configuration. 

(c) Apply this warping transformation to all pixek in the projection image, creating 

a warped projection. 

(d) Identify the additional two points that do not lie in the plane of the other four 

points in the canonical model and associate these points with their corresponding 

model points in the warped projection. 

(e) Create two lines that emanate from the two projected points in the warped image 

and pass through their corresponding fiducial point in the model in its canonical 

configuration. 

(f) Compute the point of intersection of th^e two lines. This point represents the 

location of the x-ray source to create the warped projection from the model in 

its canonical configuration. This perspective projection is exactly the same as the 



perspective projection that created the original projection from the reoriented 

model. 

(g) Use the components of the computed perspective transformation in the back pro- 

jection equation detailed above and compute focal planes through the imaged 

volume. 

4. Combine the individual volumes computed for each projection using an average^ sum, 

minimum, maximum, median, or any other weighting scheme for generating a single 

value from multiple estimates [14], 

Test C^es 

To demonstrate the validity of our method we created a high resolution, simulated, phan- 

tom of a patients head within a stereotactic or N-bar frame. Th^e frames are used in a 

neurosurgical setting to accurately determine a biopsy trajectory for retrieving cranial lesion 

samples. Typically, neurosurgical scans have a high in-plane resolution and a comparatively 

low through-plane resolution. Ratios of distance between vertical and diagonal rods in cross- 

sectional imag^ provides three points that he on the plane, regardless of whether the plane 

is exactly parallel to the vertical rods. Because of the frames' localization reliability, we used 

the frame to assess TACT's reconstruction accuracy, by including two simulated tumors in 

the head phantom. We compare the tumor locations to the simulated and reconstructed 

volumes, which is i^ed as an indication of the reconstruction accuracy. 

Seven diflferent projections of the simulated volume were made from different projection 

angles and different x-ray source-to-detector array distances. A tomosynthetic volume was 

then recoiKtructed using the algorithm described above by summing individual voxel values 

computed for each projection. The simulated data set contained 128 different slices, where 

each slice was 128 X 128 pixels. The volume was isometrically generated at a resolution of 



Imm/pixel. Figures 3 a, b, and c respectively show a volume rendering of the simulated data 

set and two cross-sectional slices depicting two simulated tumors within the brain. These 

projections were made with the stereotactic frame perpendicular to the detector array, and 

the x-ray source occupied different locations as shown in Figure 4a and enumerated in 4b. 

In these experiments, we removed the error associated with locating the fiducials in each 

projection image by numerically adding the fiducial locations to the simulated volume and 

analytically projecting the fiducials onto the detector array. The detector array was square 

with 512 pixek on a side. The r^olution was Imm/pfacel in both orthogonal directions within 

the array. This configuration insured that all fiducial points were projected onto the detector 

array, and all could be interactively identified as required by clinical applications of the 

reconstruction algorithm described above. 

The imaging geometry for each projection was then computed using this algorithm, and the 

projection was back-projected through this geometry creating seven diiferent 3D volumes. 

The back-projected volumes then were combined into a composite volume by summing the 

values at each voxel location. 

We also reconstructed a tomosynthetic volume from the same seven projections laing a 

standard tomosynthesis reconstruction algorithm (shift and add) that assumes a fixed, par- 

allel projection, imaging geometry. We compared this tomosynthetically created volume to 

the volume created using the less-constrained TACT recoi^truction algorithm. 

3    Results 

The back-projected volumes for the three projectioi^ shown in Figure 5 are displayed in 

Figure 6. It is clear that the projection image was perapectively back-projected across the 

reconstruction volume. All seven of the back-projected volumes were combined into a single 



composite volume by adding the voxel value for each location within the volume. Figure 7 

shows three focal planes reconstructed at different depths within the volume. 

We quantified the accuracy of the TACT reconstruction by measuring the ratios of the 

distance from the center of a vertical rod in the stereotactic frame to the center of a diagonal 

rod. Figure 8 shows a view of a cross-sectional plane passing through the center of the tumor 

shown in Figure 3c and the stereotactic frame. Each rod in the figure is assigned a number 

from 1 to 7, and the coordinates of the rod center are ako shown. The table in Figure 8 

shows the distance between adjacent frame rods as the number of pixels between rod centers. 

The ratio of the distance between rod 1 and 2 to rod 2 and 3 is ^ = 2.6. Likewise, the 

ratio of the distance between rods 3, 4, and 5 is: ^ = 2.77, and the ratio of distances 

between rods 5, 6, and 7 is: ^ = 2.85. These values are shown in Table 1 along with the 

corresponding measures for the same shce in the reconstructed volume. We made similar 

tables for a sHce passing through the tumor located at the top of the head, where the results 

are shown in Table 2. 

Standard Tomosynthetic Reconstruction Algorithm 

Figure 9 shows three slices of the reconstructed volume generated with a standard tomosyn- 

thesis reconstruction algorithm. The blurring in this figure is so severe that it made tube 

center identification impossible and therefore this reconstructed volume was not quantified. 

4    Discussion 

With only seven projection x-ray images of the simulated head phantom, TACT successfully 

reconstructed a volume that clearly depicts both the lower and upper tumors as shown in 

Figure 7 a and b. Rirthermore, i^ing the simulated stereotactic frame as a basis for objective 

measurement, we found that the geometry within the TACT recoi^truction is preserved. 



The reconstructed volume contains some blurring, but it is significantly less than that of the 

control produced using a standard tomosynthesis recoi^truction method. The reason TACT 

provides a clearer reconstruction is that we "undo" the perspective distortion introduced 

when acquiring projection images. The projections simulated in this investigation had a 

significant amount of perspective distortion caused by positioning the x-ray source relatively 

close to the object. In fact, the source position varied from 20 cm away fi-om the center 

of the object to 47.5 cm while the distance from the object center to the detector array 

remained constant at 10 cm. Removing the perspective, preserves the geometry of the object 

and allows elements to be scaled correctly thus reinforcing each other through more precise 

superposition. 

The geometric interpretation requires determining the intersection of two 3D fines. In gen- 

eral these Mnes may not intersect so we compute the midpoint of a Une that is mutually 

perpendicular to both lines. That is, the hne segment representing the minimum distance 

between the two lines. The computed point then corresponds to the location of the source 

to generate the warped projection image. 

All seven of the back-projected volumes were combined into a single composite volume 

by adding the voxel value for each location within the volume. Figure 7 shows three focal 

planes reconstructed at different depths within the volume. Although we have shown volume 

rendered results, this may not be the best way to visualize tomosynthetic reconstructions. 

Figure 6 clearly shows blurring caused by the stereotactic frame. The reconstructed values of 

the rods closely correspond to those associated with the simulated head. Therefore, we could 

not find a suitable gray value mapping that rendered the firame transparent while making the 

head opaque. We found sequentially scanning through the slices a more ireful visualization 

technique for this data set. 



5    Summary and Conclusions 

This paper provides a rigorous mathematical description of TACT. A schematic geometrical 

simulation was used to produce a relatively unconstrained representative projection model. 

Results obtained from this model were vised to compare reconstruction accuracy produced 

using the TACT reconstruction scheme with that obtainable from conventional (uncorrected) 

tomosynth^is. The simulation results confirm the mathematical theory underlying this pa- 

per by demonstrating that TACT reconstructions were more accurate than those produced 

tomosynthetically. Alternatively stated; conventional tomreynthesis produces scaling errors 

that degrade reconstruction accuracy compared to that obtained using TACT unless the 

underlying projection geometry is truly affine or some sort of additional projection or mag- 

nification correction scheme is applied. 
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rod rod distance ratio 

1 2 130 "° - 2 fi 

2 3 50 

3 4 133 133 ^n<Tj 
48   -^•'' 

4 5 48 

5 6 134 1 = 2.85 

6 7 24 

rod rod distance ratio 

1 2 66 i = 2.75 

2 3 24 

3 4 76 1 = 2.91 

4 5 23 

5 6 66 1 = 2.75 

6 7 24 
a b 

Table 1. Pixel distances between different rods of the stereotactic or N-bar frame for (a) the 

simulated volume, (b) the TACT reconstructed volume. 



rod rod distance ratio 

1 2 37 i = 0.70 

2 3 53 

3 4 37 1 = 0.70 

4 5 53 

5 6 37 i = 0.70 

6 7 53 

rod rod distance ratio 

1 2 74 1 = 0.70 

2 3 105 

3 4 73 1 = 0.68 

4 5 108 

5 6 75 1 = 0-70 

6 7 104 
a b 

Table 2. Pixel distances between different rods in the stereotactic or N-bar frame for a slice 

passing through the tumor near the top of the head. The table on the left (a) indicates the 

pixel distances and ratios of the simulated volume, while the table on the right (b) shows 

pixel distances for the reconstructed volume. 
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Fig. 1. Imaging geometry for a) Circular Tomosynthesis^ b) TACT, and c) CT. Circular 

tomosynthesis and TACT have approximately the same imaging aperature, while CT has 

an infinite aperature. 
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Fig. 2. Perspective projection imaging geometry for a simple cube model. 



Fig. 3. Volume rendering (a) and cross-sectional images (b and c) of a simulated head 

including two tumors. The simulated head phantom is located inside a simulated stereotactic 

or N-bar frame, which is used to demonstrate the accuracy of our reconstructed volume. 
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Fig. 4. Angular displacements from perpendicxilar to the detector array of (a) the x-ray 

source and (b) tabulation for each of the seven projections. Both axes of the grid are in 

degrees measured from the z-axis. Rx corresponds to a rotation about the x-axis and is 

represented by the vertical axis. Ry corresponds to a rotation about the y-axfe and is repre- 

sented by the horizontal axis. The distance in the table is measured in mm from the center 

of the imaged object to the x-ray soiffce. 



Fig. 5. Three of the seven projections of the simulated head phantom for a) projection 3, b) 

projection 4, c) projection 5. 



Fig. 6. Three of the seven back-projected volumes of the simulated head phantom, where 

the x-ray source was rotated a) projection 3, b) projection 4, c) projection 5, This figure is 

included to demonstrate the nature of perspective backprojection algorithm. 



Fig, 7. Three focal planes at different depths throughout the reconstructed volume, a) is a 

focal plane through the tumor in the lower left of the image, b) is a focal plane through the 

tumor at the top of the head, and c) is the same focal plane as in a, but with the contrast 

adjusted to highlight the positions of the stereotactic frame and the bright spot in the center 

of the tumor. 



7 
#(164, 348) 

||(164, 301) 

(164, 167)      4 

5*    *•* 

1 
#(345, 347) 

^ (345, 217) 

3 
# (345, 167) 

Rod 
number 

Rod 
number 

pixd 
distance 

1 
2 
3 
4 
5 
6 

2 
3 
4 
5 
6 
7 

130 
50 
133 
48 
134 
47 

(212, 167) 

Fig. 8. An overview of the rod locations in the simulated volume and a table of distances in 

pixeb between adjacent rod centers. 



Fig. 9. Focal planes through the volume of a tomosynthetic volume reconstructed using a 

standard tomreynthesis algorithm, where a) is a slice near the lower tumor, b) is a slice 

through the center, and c) is a slice through the tumor in the top of the head. 


